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ABSTRACT
We find, using cosmological simulations of galaxy clusters, that the hot X-ray emitting
intra-cluster medium (ICM) enclosed within the outer accretion shock extends out to
Rshock ∼ (2–3)Rvir, where Rvir is the standard virial radius of the halo. Using a simple
analytic model for satellite galaxies in the cluster, we evaluate the effect of ram pressure
stripping on the gas in the inner discs and in the haloes at different distances from
the cluster centre. We find that significant removal of star-forming disc gas occurs
only at r . 0.5Rvir, while gas removal from the satellite halo is more effective and
can occur when the satellite is found between Rvir and Rshock. Removal of halo gas
sets the stage for quenching of the star formation by starvation over 2–3 Gyr, prior
to the satellite entry to the inner cluster halo. This scenario explains the presence
of quenched galaxies, preferentially discs, at the outskirts of galaxy clusters, and the
delayed quenching of satellites compared to central galaxies.
Key words: galaxies: clusters: general – galaxies: clusters: intracluster medium –
galaxies: star formation – galaxies: evolution
1 INTRODUCTION
The link between the properties of galaxies and their en-
vironment has long been known, and nowhere is this link
clearer than in galaxy clusters. Galaxies which reside in
groups and clusters are more likely to be ‘quenched’, i.e.
characterized by quiescent star formation, and possess less
atomic and molecular gas than similar ‘field’ galaxies (Oem-
ler 1974; Butcher & Oemler 1978; Dressler 1980).
In recent years, numerous observations have established
that the effects of the cluster environment on nearby galax-
ies in terms of star formation, morphology, color, gas con-
tent etc. extends farther than previously assumed, out to
∼ (2–3)Rvir (Solanes et al. 2002; Braglia et al. 2009; Park &
Hwang 2009; Hansen et al. 2009; von der Linden et al. 2010
and see Boselli & Gavazzi 2006 for an extensive review).
In particular, an elevated fraction of quenched galaxies was
detected beyond the virial radius of the clusters compared
with similar populations of ‘field’ galaxies (Balogh et al.
2000; Verdugo et al. 2008; Wetzel et al. 2012). A related phe-
nomenon is that of ‘galactic conformity’ (Weinmann et al.
2006; Ann et al. 2008; Kauffmann et al. 2010) in which the
star formation properties of satellites are found to corre-
? E-mail: elad.zinger@mail.huji.ac.il
late with the central galaxy in the halo - if the central is
quenched then the satellites are more likely to be quiescent
as well, even when the satellites are found well beyond the
virial radius of the host halo.
One possible explanation for the extended effect of the
environment is that the quenched, gas-poor galaxies ob-
served are ‘pre-processed’ galaxies which were already sub-
jected to quenching mechanisms in smaller haloes prior to
becoming satellites in the cluster (Mihos 2004; Fujita 2004).
Another explanation is that these are actually ‘ejected’ or
‘splashback’ galaxies, i.e. galaxies which entered the virial ra-
dius on a highly eccentric orbit at a much earlier time, passed
through the central regions of the cluster and are now found
beyond the virial radius once again (Mamon et al. 2004; Gill
et al. 2005). In their passage through the inner regions of
the cluster myriad processes such as tidal stripping (Zwicky
1951; Gnedin 2003b; Villalobos et al. 2014) ram pressure
stripping (Gunn & Gott 1972), thermal evaporation (Cowie
& Songaila 1977), and encounters with other satellites (‘ha-
rassment’) (Moore et al. 1996, 1999; Gnedin 2003a) can lead
to gas depletion and star formation quenching (Mamon et al.
2004; Wetzel et al. 2014). However, some studies have indi-
cated that a substantial fraction are infalling into the system
for the first time (Cen 2014; Fang et al. 2016). Bahe´ et al.
(2013) in their analysis of satellites in simulated clusters find
© 2018 The Authors
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that neither of these explanations is sufficient to account for
the quenched fraction at the cluster outskirts.
Another, more obvious explanation is that the cluster
environment actually extends to beyond the virial radius.
It is well established that as structures form from the ini-
tial density perturbations the dark matter and gas converge
towards the centre of the potential well. As the gas falls
towards the centre and compresses, the growing pressure
prevents the gas elements from passing through each other,
limiting further compression. Under these conditions, the
centre of the potential well, is characterized by vanishing in-
fall velocity. However, since the velocity of the infalling cold
gas is typically super-sonic, information of the zero-velocity
boundary condition cannot reach the gas and thus an accre-
tion shock is formed(Bertschinger 1985; Furlanetto & Loeb
2004; Keresˇ et al. 2005).
The virial accretion shock, though unstable in low mass
haloes, is a robust feature in massive haloes of > 1012 M
(Birnboim & Dekel 2003; Dekel & Birnboim 2006), and
found consistently in numerical simulations (e.g. Keshet
et al. 2003). Analytic studies (Voit et al. 2003; Book & Ben-
son 2010) have shown that in cluster sized systems, the virial
shock should be found at ∼ 1.5Rvir, and, as we show be-
low, numerical simulations have also found that in clusters
the virial shock extends much farther than the virial radius
(Molnar et al. 2009; Lau et al. 2015).
Galaxies crossing the accretion shock, which is found
at ∼ (2–3)Rvir, enter the ‘Intra-Cluster Medium’ (ICM) –
gas which has been shock heated to 107–108 K and is in near
hydro-static equilibrium within the potential well of the dark
matter halo, radiating primarily in the X-ray (Sarazin 1988).
Within the ICM the satellites are subjected to the afore-
mentioned environmental processes which can lead to gas
depletion and star-formation quenching.
In this study we focus on the effect of gas removal from
the galaxy due to the ram pressure exerted by the ICM as a
result of the relative motion of galaxy in the medium. This
process is commonly called ram pressure stripping (here-
after RPS). The effects of RPS on galaxies close to the
centres of clusters, where the ambient densities are high
∼ 10−3–10−1 cm−3, is potent and can lead to removal of sig-
nificant amounts of the ISM from within the galaxy. This
process has been studied extensively since the pioneering
work of Gunn & Gott (1972) who derived an estimate for
the effect (see also Gisler 1976). Direct evidence of RPS in
action can be found in detailed analyses of specific galax-
ies (Boselli et al. 2006; Abramson et al. 2011; Ehlert et al.
2013; Ebeling et al. 2014; Abramson & Kenney 2014; Ken-
ney et al. 2014), while large observational surveys of clus-
ter satellites, coupled with analytic galaxy evolution models
reveal its role in determining satellite properties (Cayatte
et al. 1994; Boselli et al. 2009; Scott et al. 2010). The is-
sue has also been explored numerically in idealized, ‘wind
tunnel’ simulations (Gisler 1976; Balsara et al. 1994; Quilis
et al. 2000; Tonnesen & Bryan 2009; Weinberg 2014; Roedi-
ger et al. 2015a,b), simple systems (Roediger & Bru¨ggen
2007; Kapferer et al. 2008, 2009; Vijayaraghavan & Ricker
2015) and in cosmological settings (Tonnesen et al. 2007;
Vollmer et al. 2001). See also Roediger (2009) for an exten-
sive review. The insights from analytic and numerical studies
have also been applied in semi-analytic modelling of cluster
systems (Font et al. 2008; Book & Benson 2010).
Cluster Mvir Rvir Tvir Vvir
(1014 M) (Mpc) (107 K) (km s−1)
CL101 22.1 3.37 10.1 1678
CL102 13.7 2.88 7.4 1433
CL103 15.7 3.01 8.1 1497
CL104 11.9 2.74 6.7 1365
CL105 12.0 2.75 6.7 1369
CL106 9.5 2.54 5.8 1266
CL107 6.6 2.26 4.5 1125
CL3 6.3 2.22 4.4 1107
CL5 3.1 1.76 2.8 875
CL6 3.3 1.80 2.9 894
CL7 3.3 1.78 2.8 886
CL9 1.9 1.48 1.7 739
CL10 1.3 1.32 1.6 658
CL11 1.8 1.45 1.9 721
CL14 1.7 1.43 1.8 709
CL24 0.86 1.14 1.2 569
Table 1. Cluster Properties at z = 0. Virial quantities were cal-
culated for an over-density of ∆vir = 337 above the mean density
of the universe.
A galactic system, consisting of a galaxy surrounded
by a gas halo embedded in a dark matter halo, undergo-
ing RPS will first shed the hot gas in the halo before the
gas within the galaxy is affected (Larson et al. 1980; Mc-
Carthy et al. 2008; Bekki 2009; Bahe´ et al. 2013; Vija-
yaraghavan & Ricker 2015). In regions of intermediate den-
sities, ∼ 10−5–10−4 cm−3, the ram pressure may remove the
gas halo, but not the cold gas from the galaxy. Eventually,
star formation quenching can occur by ‘starvation’, once the
star-forming gas inside the galaxy is consumed by star for-
mation or removed by feedback-driven outflows (Kawata &
Mulchaey 2008). As stars are formed, the dwindling cold
gas reservoir within the galaxy is no longer be replenished
from the halo, and the galaxy is quenched, albeit over longer
time-scales of a few giga years.
In this paper we demonstrate, through the use of a suite
of zoom-in simulations of galaxy clusters, that the zone of
the cluster influence on star-formation quenching, i.e. the
virial accretion shock, extends well beyond the standard
virial radius derived from the density contrast. We explore,
via simple analytic models, the effect of RPS on the gas
haloes surrounding galaxies and on the gas within the galax-
ies themselves, at different radii in the host cluster and in
its outskirts, in an attempt to ascertain the main quench-
ing channel responsible for the quenched galaxy population
found beyond the virial radius.
The paper is organized as follows: in §2, we describe
the suite of simulated clusters and in §3 we determine the
location of the virial accretion shock. We construct analytic
models to study the effectiveness of RPS on the halo gas
of satellites in §4 and do the same for RPS of gas from the
galactic discs in §5. In §6, we explore the implications of RPS
on star formation quenching. In §7, we discuss the strengths
and weaknesses of our RPS models and in §8 we summarize
our findings.
MNRAS 000, 1–30 (2018)
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Figure 1. Entropy, temperature and density maps (left, middle and right, respectively) of 2 representative clusters at z = 0 (top and
bottom) are plotted in box of size 8 Mpc h−1 (see Table 1 for details). The shock front can be seen to extends well beyond the virial radius
which is marked by the white circles. The entropy is low in the centre of the cluster and rises to a peak near the shock front, before
dropping sharply, allowing a simple method of identifying the shock front. Black circles mark these drops in the entropy profile ( see
§3.2). The temperature is highest in the centre of the cluster and drops gradually outwards, with a sharp drop in temperature seen at
the shock front. The gas density drops sharply from the centre outwards and the density drop at the shock radius is only a factor of few.
The complex shape of the shock front is evident. Lower entropy gas streams flowing towards the centre can also be seen.
Cluster Mvir Rvir Tvir Vvir
(1014 M) (Mpc) (107 K) (km s−1)
CL101 3.3 1.29 4.0 1053
CL102 3.3 1.28 4.0 1051
CL103 2.9 1.23 3.7 1009
CL104 7.2 1.66 6.7 1362
CL105 6.2 1.58 6.0 1296
CL106 2.6 1.18 3.3 965
CL107 2.9 1.22 3.6 1002
CL3 2.8 1.21 3.6 995
CL5 1.8 1.04 2.6 858
CL6 2.4 1.15 3.2 946
CL7 2.3 1.13 3.1 929
CL9 1.2 0.91 2.0 744
CL10 1.1 0.89 1.9 730
CL11 0.86 0.78 1.5 643
CL14 0.99 0.86 1.8 703
CL24 0.37 0.62 0.9 505
Table 2. Cluster Properties at z = 0.6. Virial quantities were cal-
culated for an over-density of ∆vir = 224 above the mean density
of the universe.
2 SIMULATIONS
The simulation suite analysed in this study is comprised of
16 cluster-sized systems at z = 0 spanning a mass range of
8.6× 1013–2.2× 1015 M, and their most massive progenitors
at z = 0.6. The systems were extracted from cosmological
simulations in a flat ΛCDM model: Ωm = 1 − ΩΛ = 0.3,
Ωb = 0.04286, h = 0.7, and σ8 = 0.9, where the Hubble con-
stant is defined as 100h km s−1 Mpc−1, and σ8 is the power
spectrum normalization on an 8h−1 Mpc scale. The simula-
tions were carried out with the Adaptive Refinement Tree
(art) N-body +gas-dynamics code (Kravtsov 1999), an Eu-
lerian code that uses adaptive refinement in space and time,
and (non-adaptive) refinement in mass (Klypin et al. 2001)
to reach the high dynamic range required to resolve cores of
haloes formed in self-consistent cosmological simulations.
The computational boxes of the large-scale cosmological
simulations were 120h−1 Mpc and 80h−1 Mpc, and the simu-
lation grid was adaptively refined to achieve a peak spatial
resolution of order ∼ 7 and 5 h−1 kpc respectively. These sim-
ulations are discussed in detail in Kravtsov et al. (2006),
Nagai et al. (2007b) and Nagai et al. (2007a). The adap-
tive mesh refinement technique employed in the simulation
MNRAS 000, 1–30 (2018)
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Figure 2. Entropy maps of CL14 at z = 0 and z = 0.6 (left and right, respectively) are shown. The box at z = 0 is of size 8 Mpc h−1 and
the box at z = 0.6 is of size 5 Mpc h−1. The cluster dimension and radii are shown in proper coordinates.As before, black circles drops in
the entropy profile which we use to identify the locations of the shock fronts. At this redshift the shock front already extends well beyond
the virial radius. The intricate shape of the shock front is due in part to the large scale filaments that ‘puncture’ the shock front which
expands in lobes between the streams. Shocks can already be seen surrounding the large scale filaments feeding the cluster and merging
seamlessly with the virial shock front.
is especially suited to capture discontinuous features such
as shock waves and contact discontinuities which make it
especially suitable for our purposes.
Besides the basic dynamical processes of collisionless
matter (dark matter and stars) and gas-dynamics, several
physical processes critical for galaxy formation are incor-
porated: star formation, metal enrichment and feedback
due to Type II and Type Ia supernovæ, and self-consistent
advection of metals. The cooling and heating rates take
into account Compton heating and cooling of plasma, UV
heating (Haardt & Madau 1996), and atomic and molecu-
lar cooling, which is tabulated for the temperature range
102 < T < 109 K, a grid of metallicities, and UV intensities
using the cloudy code (version 96b4, Ferland et al. 1998).
The cloudy cooling and heating rates take into account
metallicity of the gas, which is calculated self-consistently
in the simulation, so that the local cooling rates depend on
the local metallicity of the gas. The star formation recipe in-
corporated in these simulations is observationally motivated
(e.g. Kennicutt 1998) and the code also accounts for the stel-
lar feedback on the surrounding gas, including injection of
energy and heavy elements (metals) via stellar winds, super-
novæ, and secular mass loss. The simulations do not include
an AGN feedback process.
The main purpose of this paper is to investigate the
effect of the environment at the cluster outskirts on the
satellite galaxies within the cluster, focusing on mass-loss
mechanism and the quenching of star formation. The sim-
ulations reliably reproduce the large scale properties of the
ICM. However, the resolution of the simulations is not high
enough to properly model the galaxies within the cluster
since the peak resolution is of order the scale radius of a typ-
ical disc galaxy, and one cannot trust the simulated galaxies
to study mass loss and star formation quenching. Instead,
we will rely on analytic models of the galaxies with which
to examine the effects of the environment.
The virial parameters Mvir and Rvir are defined by the
relation
3Mvir
4piR3vir
= ∆virρref, (1)
with various choices in the literature for the over-density
parameter (∆vir = 178, 200, 337) and reference density ρref –
either ρcrit or ρmean = ρcritΩm. Additional distance scales for
clusters are sometimes set by over-density factors of 500 and
1500.
In this paper, the virial quantities of the mass, radius,
velocity and temperature (Mvir, Rvir,Vvir,Tvir) of the clusters
are defined for an over-density ∆vir = 337 at z = 0 and
∆vir = 224 at z = 0.6 above ρmean, the mean density of the
universe (Bryan & Norman 1998). The properties of the clus-
ters for z = 0 and z = 0.6 are summarized in Tables 1 and 2
respectively.
3 VIRIAL SHOCK VERSUS VIRIAL RADIUS
In this section we determine the location of the accretion
shock in the simulated cluster suite, and show it is found
well beyond the virial radius of the cluster. Readers of the
paper only interested in the way this affects the galaxies
found beyond the virial radius may safely skip to §4.
3.1 Cluster Maps
We examine our cluster systems at z = 0.6 and z = 0 and
find that the accretion shock extends well beyond the virial
radius in all cases. As representative examples we show the
entropy, temperature and density maps of 2 clusters (CL103
and CL106) at z = 0 in Fig. 1. the entropy is defined as
S ∝ T ρ−2/3. Furthermore, in Fig. 2 we examine the cluster
CL14 at z = 0 and z = 0.6 and find that the accretion shock
extends well beyond the virial radius even at that epoch.
MNRAS 000, 1–30 (2018)
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Figure 3. Entropy maps of the cluster CL6 in three orthogonal projections at z = 0.6. White circles mark the virial radius and black
circles mark the approximate cluster edge as defined in §3.2. We see that even if an edge estimation does not seem to apply in a given
projection, it corresponds to a shock front best observed from a different projection, due to the irregular topography of the shock front.
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Figure 4. Density profiles averaged over spherical shells of 5
representative clusters at z = 0 (a) and z = 0.6 (b). Dashed lines
denote Rvir. The density drops steadily from the central regions
outwards. The density jump across a shock is only a factor of
a few at most. Coupled with the spherical averaging, it is very
difficult to identify the shock front from the density profiles.
Detailed examination of the virial shock in the maps
shows it to be spherical only in the roughest approximation
and that in reality it contains many features and extends to
different extents in different directions. The shock front is
sometimes segmented into ‘lobes’ (e.g. Fig. 1e), by the large
scale filaments which pierce the shock front (e.g. Figs. 1d
and 2). In some cases it can be seen to merge seamlessly
with the virial shock surrounding the large scale filaments
(e.g. Fig. 2b).
The black circles in Figs. 1 to 3 mark the approximate
positions of the accretion shock which we estimate using the
entropy profile in the next section (§3.2). At first glance,
some of the estimations may seem erroneous since they do
not appear to correspond to the shock position in a given
projection, when in fact they are indicative of the shock
position better viewed from a different direction. This can
be most clearly seen in Fig. 3.
In Fig. 3 we map cluster CL6 from 3 different projec-
tions. The virial shock can be seen to extend out to different
distances in each direction though in all cases it is found
well beyond the virial radius. In this particular system, the
cluster can be seen to be positioned along a cosmic web fila-
ment of stretching in the Y direction. As can be seen, there
is a cylindrical virial shock around the filament as well (this
is most evident in the z = 0.6 maps, bottom), which merges
seamlessly with the more spherical virial shock of the cluster.
This is expected for massive filaments, of longitudinal den-
sity higher than 1012 M/Mpc, which feed massive clusters
at low redshifts, as shown by Birnboim et al. (2016).
In this cluster, and in most other systems as well, the
lower entropy filaments can be seen to penetrate deep into
the cluster virial shock, as far as the virial radius and even,
in some cases, into the very central regions of the cluster.
In Zinger et al. (2016) we address the issue of these gas
streams, their origin and structure as well as the way they
carry in energy which heats and stirs up turbulence in the
inner regions of the ICM.
3.2 Determining the Shock Edge
As can be seen in the temperature and entropy maps of
the clusters (Figs. 1 and 3), the edge of the virial shock is
MNRAS 000, 1–30 (2018)
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Figure 5. Temperature profiles averaged over spherical shells
of 5 representative clusters at z = 0 (a) and z = 0.6 (b). Dashed
lines denote Rvir. The temperature rises sharply across the shock
and then continues to climb gradually towards the centre where
the temperature is highest. Due to the averaging, the drop in
temperature is smeared, making it difficult to identify the position
of the shock front.
characterized by a sharp drop in temperature and entropy of
several orders of magnitude. The drop in density at the shock
is only a factor of a few. Within the shock, the temperature
rises gradually towards the centre of the cluster, whereas the
entropy in the cluster drops, such that the entropy achieves
its peak value close to the shock front.
Spherically averaged density, temperature and entropy
profiles were created for all the cluster systems at both
epochs, several representative cases of which are shown in
Figs. 4 to 6. These profiles are in general agreement with
observations (Simionescu et al. 2013) beyond the central re-
gions of the cluster (r > 0.05Rvir).
The density profiles drop from the peak values in the
center of the cluster outwards. Beyond the 0.2Rvir region the
profiles are well approximated by a power-law. For an ideal
gas equation of state, as is used in these simulations, the
maximal jump in density across a strong shock is only an
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Figure 6. Entropy profiles averaged over spherical shells of 5
representative clusters at z = 0 (a) and z = 0.6 (b). Dashed lines
denote Rvir. The entropy is lowest in the cluster centre rising to
a peak value near the shock before dropping sharply across the
shock front. Since the shock front is not perfectly spherical the
averaging leads to a widening of the entropy peak or in some cases
to a double peak (CL11 in (a)).
order of a few, thus it is very hard to identify the accretion
shock in these profiles.
The temperature profiles show that the virial shock,
characterized by a steep jump in temperature, is found at
& 2Rvir. The reason the jump in temperature is not as large
nor as sharp as in the maps is due to the fact that the profile
is averaged over a spherical shell and as we have seen, the
shock front is not spherical, leading to a smearing of the
shock front signature. Behind the shock front, as one moves
towards the centre, the temperature rises steadily reaching
the virial temperature value at ∼ (0.3–0.4)Rvir. The constant
rise makes the identification of the shock front somewhat
tricky, since the exact point in which the temperature drops
is hard to determine. A similar predicament occurs for the
pressure profile P ∝ ρT since both the temperature and gas
density rise towards the centre.
The entropy profiles on the other hand rise steadily from
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Figure 7. Entropy profile for cluster CL14 at z = 0 (a) and z = 0.6
(b). Dashed lines denote the points of local entropy maxima and
local maxima of negative entropy gradient, which we use as a
proxy for the shock edge.
the low entropy core typical of galaxy clusters, reaching a
peak value near the shock and drops off suddenly at the
shock front. The drop in entropy is roughly one order of
magnitude rather than a factor of 3–4 orders of magnitude,
as can be seen in the maps, due to the smearing of the shock
front when averaging over a spherical shell. The shape of the
entropy profile with the distinctive maximum point and sub-
sequent drop naturally lead to a ‘quick-and-dirty’ method
of shock edge identification, based on the position of the
local maxima of the entropy and the local minima of the en-
tropy gradients, i.e. maximal negative gradient. While not
as precise as state-of-the-art shock detection methods (e.g.
Ryu et al. 2003; Vazza et al. 2011; Schaal & Springel 2015)
which can identify and trace the intricate three-dimensional
structure of the shock front, our method manages to find a
reasonable estimate for the location of the shock front (or
fronts) as can be seen in Figs. 1 to 3.
In Fig. 7 we show the entropy profile the cluster CL14
at z = 0 and z = 0.6 and mark the radii of maxima in the
entropy profile as well as the maximal negative gradients. We
designate these radii as the shock edges, which are marked
as black circles in Figs. 2a and 2b. As can be seen, in this
particular case (as well as in many others), more than one
local maxima was identified. This should come as no surprise
since we have already noted that the shock front extends
outwards to different distances in different directions.
As one can see, there is a certain redundancy in iden-
tifying both the local entropy maxima as well as the points
of maximal negative gradient, since they are usually close
by. However, when examining all the simulated systems we
found that at times one method failed in identifying a shock
where the other method succeeded, due to the intricate
shape of the shock front. In addition, in this manner we can
treat the maximal negative gradients as the shock front po-
sition and the local maxima as a lower bound to it. We find
that employing this simple method, of identifying both the
entropy maxima and gradient maxima as a rough estimate
of the position of the shock front to be perfectly adequate
for determining its position with relation to the virial ra-
dius. For each cluster, more than one ‘edge’ may be defined
due to identification of both the entropy and entropy gra-
dient maxima, as well as due to multiple instances of these
features.
We performed this analysis on all systems, and verified
the results by eye, removing specific cases which were ob-
viously errors such as entropy maxima found close to the
systems centre or identification of shocks in the large-scale
structure very far from the virial shock. In Fig. 8 we show
the shock edge positions, in units of Rvir, for all the clusters
in our sample, both at z = 0 and z = 0.6 plotted versus the
clusters’ virial mass. The green lines connect the edge esti-
mation of a given system at z = 0.6 with the edge estimation
of the same system at z = 0. We find that the shock front is
always found beyond the virial radius and in all systems ex-
tends to well beyond twice the virial radius. One may make
a case for a trend of decreasing Redge/Rvir with increasing
system size for the clusters at z = 0. However, attempts at
generating an acceptable robust fit to these data points re-
sulted in a very weak relation. In the z = 0.6 sample such a
relation is non-existent.
Generally, the extent of the shock in units of Rvir is
higher at z = 0 than at z = 0.6 but we find no special trend in
the evolution of the shock edge for a given cluster, compared
to the growth in the virial radius. Most clusters evolve such
that the ratio is growing, and the growth in some cases is
large, compared to a small decline in other cases.
4 RAM PRESSURE STRIPPING OF THE GAS
HALO
Now that it has been established that the virial shocks of
clusters extend well beyond the virial radius, as early as
z = 0.6, we can turn our attention to how this would affect
the galaxies within the shock radius, specifically with a view
towards the quenching of star formation.
The temperature of the area encompassed within the
shock front is of order 106–108 K, (Figs. 1b and 1e), and
the velocity field is dominated by random motions, with the
exception of the inflowing gas streams which is characterized
by ordered inflow (Zinger et al. 2016).
MNRAS 000, 1–30 (2018)
8 Zinger et al.
Mvir [M⊙]
1014 1015
R
ed
g
e
/R
v
ir
1
1.5
2
2.5
3
3.5
4
4.5
z = 0
z = 0.6
Figure 8. Shock edge estimation for all clusters at z = 0 (blue) and z = 0.6 (red) plotted versus the virial mass of the clusters. The edge
estimations of a given cluster at the two redshifts are connected by the green lines. Edge estimations by entropy gradient are denoted
by circles and entropy maximum by diamonds. All clusters exhibit shock edges which are well beyond the virial radius of the systems,
extending to more than twice the virial radius in all cases.
One hydrodynamical mechanism which is known to af-
fect galaxies in the ICM is ram pressure stripping of the gas
in the galaxy and its gas halo. The motion of the galaxy
within the ICM generates a ram pressure which, in some
cases, can overcome the gravitational binding force of the
satellite. The condition for gas stripping is
Pram >
Fgrav
dA
, (2)
where dA is the cross-section area over which the ram pres-
sure affects the gas.
It has long been known that the motion of a satellite
galaxy within the inner regions of the cluster can strip a
galaxy of its gas (Gunn & Gott 1972), but we wish to assess
the effect RPS has on an infalling galaxy, and its gas halo,
within the accretion shock but before it reaches the virial
radius of the cluster.
To address this issue we will treat separately the gas
confined to the galactic disc and the gas in the surrounding
gas halo. In all that follows the term ‘galaxy’ refers to a
stellar and gaseous disc (possibly with a stellar bulge), and
the terms ‘gas halo’ or ‘halo gas’ refer to the gaseous medium
which surrounds the galactic disc and is embedded within
the dark matter sub-halo. In this section we address only the
RPS of the gas halo, while the fate of the gas found within
the galactic disc is examined in §5.
The actual process of gas stripping by ram pressure is a
complicated one. Detailed numerical simulation of isolated
galaxies, i.e. ‘wind tunnel’ simulations (e.g. Close et al. 2013;
Roediger et al. 2015a) reveal the highly complex nature of
gas stripping. The gas in the hemisphere facing the ram pres-
sure is compressed and flows towards the edges, where it is
swept back and stripped in turbulent tails. The gas distribu-
tion is deformed into a mushroom-like shape changing the
area affected by the ram pressure.
While numerical studies are indispensable for the study
of RPS, they are not without their limitation. As a case
in point, most simulations do not usually include physical
viscosity in the hydro-dynamic treatment and as such can-
not properly capture the structure of the wake which forms
around the moving object. The pressure in the wake reduces
the effect of the ram pressure induced by the motion of the
object through the medium. A notable exception is Roedi-
ger et al. (2015b), where the effects of viscosity are studied
and the complex interplay between the satellite, the stripped
material in the wake and the ambient plasma is revealed.
Computational limitations are also an issue. To prop-
erly resolve the intricacies of gas halo mass loss a resolution
of order 0.1 kpc is necessary (Roediger et al. 2015a), whereas
the typical size of clusters is of order several Mpc. In addi-
tion, exploring the relevant parameter space which affects
RPS will incur high computational costs.
By making use of analytic models one may sidestep this
issues. Analytic models are typically computationally cheap
and therefore can be used to explore many different settings
and parameter values. In our simulated clusters, galaxies
are not properly resolved and the use of analytic models is
a necessity.
It is extremely challenging to construct an analytic
model which will capture the intricacies of the RPS pro-
cess. To overcome this hurdle, we employ a simple toy model,
motivated by the insights gleaned from numerical studies, to
describe the satellite gas halo and its interactions with the
ICM. However, when making use of simple toy-models to
describe such complicated processes one must be well aware
of their limitations.
At the outset, it must be stressed that we do not intend
to use these models to attempt to perfectly reproduce the
mass loss from the satellite haloes, but rather to obtain a
lower limit on the amount of mass removed by RPS. In the
model we will assume an upper limit for the binding grav-
itational force, so that the stripping is under-estimated. As
we will show, we still find substantial stripping in this limit
and can be assured that almost all of the halo gas can be
removed, despite the simplicity of the model.
In what follows, we will first construct fully analytic
models, i.e. models for both cluster and satellite, since this
allows a basic understanding of the important properties of
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cluster and satellites which set the efficiency of RPS. Next,
we will use our suite of simulated clusters to model the back-
ground gas density and use the analytic satellite models to
gauge the effects of RPS.
4.1 Cluster and Satellite Models
The gaseous halo of a satellite or cluster, i.e. the ICM, re-
sides within a dark matter halo which sets the gravitational
potential which in turns sets the thermodynamic proper-
ties of the gas. We make use of two simple density profiles
to model the dark matter distribution for our clusters and
satellites - the Isothermal Sphere profile and the NFW pro-
file (Navarro et al. 1996, 1997). The former is used to obtain
a simple analytic form for the stripping radius which high-
lights the dependence on the cluster and satellite masses.
The latter, which is accepted as a reliable approximation
for the dark matter distribution, is used to obtain a more
precise numerical estimate for the stripping. To obtain the
gaseous distribution we make the simple assumption that
the gas is isothermal and in hydrostatic equilibrium within
the dark matter potential.
4.1.1 The Isothermal Sphere
The density profile for the dark matter in an Isothermal
Sphere model is given by
ρiso(r) = Mvir
4piR3vir
(
r
Rvir
)−2
, (3)
with the mass profile given by
Miso(< r) = Mvir
(
r
Rvir
)
. (4)
Under the assumption of a hydrostatic isothermal
gaseous component, the gas density profile, ρg, is set by the
equation
kBTg
µmp
d ln ρg
dr
= −GM(r)
r2
, (5)
where kB is the Boltzmann constant, Tg is the gas temper-
ature and µmp ' 0.59mp is the average particle mass (mp
being the proton mass). Under the assumption that the gas
temperature is the same as the virial temperature of the
halo, Tg = Tvir, solving eq. (5) results in ρg ∝ r−2, i.e. the
gaseous distribution follows that of the dark matter and is
also described by an Isothermal Sphere model. We therefore
set the density and mass profiles for the gaseous distribution
by ρg = fgρiso and Mg = fgMiso where fg is the gas fraction
defined by the ratio of the total gaseous mass within Rvir to
the virial mass in the halo fg = Mgas/Mvir.
The strength of the Isothermal Sphere model is its
simplicity, which often allows for analytic solutions to toy-
models leading to important insights as to the key-players
of a given model. Of course, this is also its weakness - it is
a poor approximation of the actual distribution of gas and
dark matter seen in observations and simulations. In partic-
ular, the model over-predicts the density in the outskirts of
clusters, beyond Rvir, which leads to an over-estimation of
the RPS in these regions.
4.1.2 The NFW Model
The NFW model (Navarro et al. 1996, 1997) has long been
accepted as a fair approximation for the dark matter distri-
bution in haloes. The density profile is given by
ρNFW(r) = ρuδs
(
r
rs
)−1 (
1 +
r
rs
)−2
, (6)
where ρu is the mean density of the universe, δs is an over-
density parameter and rs is the scale radius of the model.
The over-density parameter is given by
δs =
∆vir
3
c3v
A (1; cv), (7)
where cv ≡ Rvir/rs and we define
A (x; cv) ≡ ln (1 + cvx) − cvx1 + cvx . (8)
Using eq. (1) one may recast the model using the parameters
Mvir, Rvir and cv
ρNFW(r) = Mvir4piR3vir
A (1; cv)−1
(
r
Rvir
)−1 (
c−1v +
r
Rvir
)−2
. (9)
The mass profile for the model is
MNFW(r) = MvirA (r/Rvir; cv)A (1; cv) . (10)
To use this model one must determine an additional pa-
rameter, namely cv. Analysis of N-body simulations yields
a power-law relation between Mvir and cv as a function of
redshift (Bullock et al. 2001a; Wechsler et al. 2002; Maccio`
et al. 2008). We use the relation found in Mun˜oz-Cuartas
et al. (2011) to determine cv for a given value of Mvir.
To set the gaseous distributions we solve the hydrostatic
equation, eq. (5), under the same assumptions as before. The
equation can be solved analytically (e.g. Makino et al. 1998;
Bru¨ggen & De Lucia 2008), resulting in a distribution which
closely resembles an NFW profile for 0.1Rvir < r < Rvir, but
possesses a density core for smaller radii. For radii of r > Rvir,
the gas density drops off less rapidly than the dark matter
density, and levels off at r & 2Rvir a behavior which is not
observed in real clusters (Finoguenov et al. 2001). In light
of this, we opt instead to assume that the gas distribution
follows that of the dark matter, i.e. ρg = fgρNFW and Mg =
fgMNFW where once again fg is the ratio of the gaseous mass
to virial mass fg = Mgas/Mvir. In this way the gas density in
the outskirts of the cluster is not over-estimated, and the
density profile of the satellite is similar to the results of the
isothermal, hydrostatic gas distribution.
The NFW model is a better fit for observed distribu-
tions of dark matter and is expected to give better predic-
tions for the RPS in the cluster outskirts. However, employ-
ing this profile in toy-models often results in implicit equa-
tions which entail a numerical solution. While more precise,
it is sometimes harder to glean the important aspects from
such a solution.
4.2 Tidal Stripping versus Ram Pressure
Stripping
Before continuing with assessing the stripping due to ram
pressure, we must ensure that it is indeed the dominant
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stripping mechanism in the region of interest, and that other
stripping mechanisms, namely tidal stripping, do not void
the basic assumptions of the model.
Tidal stripping occurs when the tidal forces acting on
a satellite overcome the gravitational binding force of the
satellite. Unlike RPS, which is a hydrodynamical process
that affects only the gas and leaves the dark matter halo
intact, tidal stripping is a dynamical process which can re-
move the dark matter halo. If tidal stripping is effective in
the region of interest, then modelling the gas halo as an
Isothermal Sphere or by the NFW model may no longer be
valid since the dark matter potential well which determines
the gas properties of the halo may have been totally or par-
tially removed (along with the gas).
To gauge the effectiveness of the tidal stripping we com-
pare the tidal force acting on a gas element in the satellite
halo and the gravitational force exerted by the satellite on
said gas element. The tidal force is maximal along the line
connecting the centres of the cluster and satellite. Perpen-
dicular to that line, the tidal forces actually compress the
satellite (Dekel et al. 2003). For a satellite whose centre is at
a distance r from the cluster centre, the tidal force on a gas
element of mass dm at a distance ` from the satellite centre
(along the line connecting the centres) is
FT = −GMclust(r + `) dm(r + `)2 +
GMclust(r) dm
r2
(11)
and the gravitational force exerted by the satellite is
Fsat(r) = −GMsat(|` |) dm|` |3 `. (12)
Combining eqs. (11) and (12) and assuming an Isother-
mal Sphere profile for both cluster and satellite results in
the following equation for the tidal radius ˜`t expressed in
units of the satellite virial radius
˜`2
t − µ1/3r˜ ˜`t − r˜2 = 0, (13)
where ˜`t ≡ `t/Rsat, r˜ ≡ r/Rc and µ = Mv,sat/Mv,clust. Solving
the equations yields the tidal radius of the satellite as a
function of the satellite position in the cluster
˜`t = r˜
µ1/3
2
(
1 +
√
1 + 4µ−2/3
)
≈ r˜
(
1 +
µ1/3
2
)
, (14)
with the second, approximate relation valid when
µ  43/2 = 8, which is always the case since the mass of
satellite haloes which host single galaxies in the cluster is
of order 1 per cent of the cluster mass or lower.
We therefore find that the tidal radius of satellites found
beyond the virial radius of the cluster is always larger than
the virial radius of the satellite. We found this result to hold
when both the satellite and cluster are modeled with an
NFW profile as well. We can therefore safely conclude that
tidal stripping is ineffective in the cluster outskirts.
4.3 Gauging the Mass Stripping
4.3.1 Ram Pressure
A galaxy moving at a velocity of ®vsat within a gaseous
medium of density ρmed will be subjected to a ram pressure
of
Pram = Cramρmed
(®vsat − ®vmed)2 , (15)
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Figure 9. A simple toy-model for the amount of mass remain-
ing in the gas halo of satellites undergoing RPS in the ICM of
a Mv,clust = 1015 M cluster, as a function of the position in the
cluster in units of the cluster virial radius Rc. Solid lines represent
the stripping for the NFW model, with the shaded regions corre-
sponding to variations of up to ±10 per cent in the values of both
cv,clust and cv,sat. Dashed lines show the stripping, for the same
values of the satellite-to-cluster mass ratios, for the Isothermal
Sphere model. The RPS efficiency parameter is set to ε′ = 0.5.
Satellites lose more than 70 per cent of their gas halo mass be-
fore reaching the virial radius, with low-mass satellites losing as
much as 90 per cent. For comparison, the blue dotted line shows
the case of stripping in a 1014 M cluster with the same satellite-
to-host mass ratio as the blue solid line (10−4). The stripping in
this case is reduced since both the cluster and satellite are more
concentrated.
where ®vmed is the local velocity of the medium and Cram is a
unit-less pre-factor.
For the motion of the satellite we will assume its speed
is constant and equal to the virial velocity of the cluster1
vsat =
√
GMv,clust
Rc
'
{
1290M1/315 km s
−1 z = 0
1520M1/315 km s
−1 z = 0.6
, (16)
where M15 ≡ Mv,clust/1015M.
In addition we assume that the ICM is at rest compared
to the satellite motion, (vmed = 0). While this is clearly not
the case at every given point in the cluster, since the gas
in the ICM is constantly in motion, it is true in an average
sense if one takes into account that the velocity field of the
ICM is dominated by random motions. Thus, as a satellite
travels through the ICM, its velocity will at times be aligned
with that of its surroundings and anti-aligned at other times
(with the ram pressure shrinking and growing accordingly),
but on average the ICM velocity will be zero.
As can be seen in Fig. 13, this assumption appears to
be valid with one important exception – motion along the
gas streams falling into the cluster, where the velocity field
is flowing coherently over large distances. We discuss the
implications of this exception in §4.3.4.
1 Velocity profiles in the simulated cluster show that typical ve-
locities, even in the radial range between Rvir and 3Rvir differ from
Vvir by at most a factor of 2.
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Figure 10. We explore the dependence of the simple NFW RPS toy-model on the efficiency parameter ε′, for a range of satellite masses
within a Mv,clust = 1015 M cluster. We examine the stripping for a satellite positioned at twice the cluster virial radius (a) and at the
virial radius (b). At 2Rc, low-mass satellites lose more than half the mass, even for low values of ε′ & 0.1. At 1Rc, even high-mass satellites
lose more than half their halo gas mass for low values of ε′, and low-mass galaxies are stripped to well below 20 per cent for most values
of ε′.
Inserting eq. (16) into eq. (15) we use eqs. (3) and (9)
to find the ram pressure for the Isothermal Sphere,
Pram(r) = ε fc G4pi
M2v,clust
Rc4
r˜−2, (17)
and the NFW Model,
Pram(r) = ε fc G4pi
M2v,clust
Rc4
[
A (1; cv,clust) r˜ (c−1v,clust + r˜)2]−1, (18)
where r˜ ≡ r/Rc. In the above expressions, fc is the cluster
gas fraction, Mv,clust and Rc are the virial mass and radius
of the cluster respectively, and ε is a fudge-factor, added to
incorporate any uncertainties in the assumptions we made
in our model, e.g. motion with velocities different than the
virial velocity, and which also accounts for Cram.
4.3.2 Gravitational Binding
We wish to compare the ram pressure to the binding grav-
itational force per unit area acting on the satellite gas halo
and determine the amount of mass stripped from the satel-
lite. While expressing the ram pressure is relatively simple,
as shown above, determining the correct form of the grav-
itational binding force for the appropriate mass elements
affected is not so straightforward.
Ideally, one wishes to construct a simple spherical ap-
proximation for the binding force at a radius ` in the satellite
which will lead to a definition of a stripping radius `s.
One option is to find the gravitational force which binds
a spherical shell of width d` at a given radius `, divided by
the cross section of that shell dA = 2pi` d`
Fgrav
dA
=
GM(`)
`2
ρ(`)4pi`2 d`
2pi` d`
= 2
GM(`)ρ(`)
`
, (19)
where M(`) is the total mass profile and ρ(`) is the gas den-
sity profile of the satellite. This approximation suggests that
the ram pressure ‘peels’ off spherical shells, like an onion,
which is incongruous with the anisotropic nature of RPS.
However, if the satellite halo is rotating with respect to its
direction of motion, such that all parts of the outer shell
experience the ram pressure, this approach may be justified.
Another option is to examine a cylindrical shell of ra-
dius ` and width d` (dA = 2pi` d`), oriented in the direction
of motion of the satellite, and thus the direction of the ram
pressure force. McCarthy et al. (2008) employed this method
by finding the maximal value of the restoring gravitational
acceleration in the direction of the motion (and, by defi-
nition, the cylinder axis) as well as an upper limit of the
projected surface density, resulting in an overestimation of
the binding force which ensures that one finds an upper limit
to the stripping radius.
For a power-law spherically symmetric density profile
ρ ∝ r−α the maximal restoring acceleration is2
gmax(`) = GM(`)
`2
√
(α − 1)α−1
αα
, (20)
and the surface density is
Σ(`) = 2ρ(`)`
∫ L
0
(1 + x2)− α2 dx. (21)
The upper limit of the integral is formally L =
√
Rvir/` − 1
but can be taken to L →∞ when the integral converges (or
to some set scale otherwise) to achieve an upper limit for
the surface density. The gravitational binding force is then
Fgrav
dA
= gmax(`)Σmax(`) = νGM(`)ρ(`)
`
, (22)
where ν is a factor of order unity
ν = 2
√
(α − 1)α−1
αα
∫ ∞
0
(1 + x2)− α2 dx. (23)
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For an Isothermal Sphere profile we find ν = pi/2.
Yet another option is to assume that the gas halo is in
hydro-static equilibrium within the gravitational potential of
the dark matter halo of the satellite, and use the gas pressure
as a proxy for the binding force per unit area. For a power-
law density profile finding the pressure by integration of the
hydro-static equation results in
P(`) = (2α − 2)−1 GM(`)ρ(`)
`
. (24)
For an Isothermal Sphere profile the pre-factor is 1/(2α−2) =
1/2.
We find that employing several different methods of ap-
proximating the gravitational binding force all lead to an
expression of the same form, namely
Fgrav
dA
= κ
GM(`)ρ(`)
`
, (25)
with κ being a factor of order unity. While the above expres-
sion has been derived for a simple power-law density profile,
it is reasonable to assume it is equally valid for more gen-
eral density profiles, such as the NFW profile. Naturally, if
one were to guess an approximation to the binding force per
unit area based on a simple dimensional analysis, the above
expression would be the result.
For the satellite models used in this work (§4.1) the
gravitational binding force per unit area is
Fgrav
dA
= κ fg
G
4pi
M2v,sat
Rsat4
˜`−2 (26)
and
Fgrav
dA
= κ fg
G
4pi
M2v,sat
Rsat4
A ( ˜`; cv,sat)
A (1; cv,sat)2
[
˜`
(
c−1v,sat + ˜`
)]−2
(27)
for the Isothermal Sphere and NFW models respectively
where once again, ˜` ≡ `/Rsat. In the equations above, we
have assumed the gravitational potential is dominated by
the dark matter component and neglected the gaseous com-
ponent. Taking this component into account introduces an
additional factor of (1+ fg). The effect of this additional fac-
tor on the stripping radius (eq. 28) for typical values of fg
is only of order several per cent.
4.3.3 Defining a Stripping Radius
To find the stripping radius we equate the ram pressure, and
the binding force. For the Isothermal Sphere model we use
eqs. (17) and (26) to find the stripping radius, ˜`s ≡ `s/Rsat,
as a function of the satellite position within the cluster, r˜p ≡
rp/Rc
˜`s =
√
κ
ε
fg
fc
(
Mv,sat
Mv,clust
) 1
3
r˜p =
1√
ε′
µ
1
3 r˜p, (28)
2 For a power-law density profile, ρ ∝ r−α , the mass profile is
M ∝ r3−α(3 − α)−1, which is not defined for the case of α = 3.
Thus, eq. (20) is strictly correct for the non-pathological cases
of α , 3. For α = 3 one may still define a mass profile, e.g. by
adding a small core radius ρ ∝ (r + rc )−α , to be set by boundary
conditions, and equate the maximal acceleration with GM(`)/`2
up to a numerical factor, which will depend on the core radius.
making use of the relation Rvir ∝ M
1
3
vir (eq. 1). In this final
form we combine the two fudge-factors κ and ε into a single
parameter ε′ = ε/κ which incorporates all the uncertain-
ties in the model. Low values of ε′ reduce the effectiveness
of the RPS mechanism. In addition, we hereafter make the
reasonable assumption3that fc ' fg and as before define the
satellite to cluster mass ratio µ ≡ Mv,sat/Mv,clust. Scaling by
typical values allows us to estimate the value of the stripping
radius
˜`s ' 0.05
(
ε′
0.5
)− 12 (Mv,sat
1011
) 1
3
(
Mv,clust
1015
)− 13
r˜p . (29)
Under the assumption of an Isothermal Sphere profile
for the satellite haloes, the value of ˜`s also embodies the
fraction of gas mass stripped from the halo ( eq. 4). Equa-
tion (29) shows us that ram pressure stripping of the halo
gas is very efficient with & 95 per cent of the gas having
been stripped before the satellite reaches the virial radius.
The above result is hardly surprising due to the very
simple gas model employed which is completely defined by a
single parameter, in this case the virial mass of the halo, and
for which the temperature and virial velocity are constants.
This implies that the relation be governed completely by the
mass ratio of the two bodies (and the free parameter ε′) and
that the model is completely scale free.
The Isothermal Sphere model is useful for achieving an
explicit solution for the stripping, and shows that the halo
gas in satellites is stripped almost completely when the satel-
lite is at Rvir. However, as noted above, this is most likely an
over-estimation of the stripping since the gas in this model
is denser in the outskirts than more realistic profiles of the
cluster density. A better approximation can be reached using
the NFW model. Equating the ram pressure with the gravi-
tational binding force for an NFW model, eqs. (18) and (27),
results in an implicit equation which can be solved numeri-
cally. Once a stripping radius is found, the mass remaining
in the satellite can be calculated with eq. (10).
In Fig. 9 we show the amount of mass remaining in the
gas halo of satellites of virial mass 1010, 1011 and 1012 M
within the ICM of a 1015 M cluster, both of which are mod-
eled with the NFW profile. The solid line shows the result
for an NFW profile where the concentration parameters of
both host and satellite were set by the Mun˜oz-Cuartas et al.
(2011) relation, and the shaded region accounts for the re-
sults after varying the concentration parameter by as much
as ±10 per cent for both host and halo. In addition, the re-
sults of the Isothermal Sphere model for the corresponding
mass ratios are also shown by the dashed lines.
We find that typical satellites in clusters will have al-
ready lost a substantial amount of their gas even at 2Rvir, as
much as 40 per cent for very massive satellites and 70 per
cent (or more) for low mass satellites. A satellite at the virial
radius of the cluster will retain only a small fraction of its
initial gas halo, with values of 10 per cent and less for low-
mass satellites. As expected, the Isothermal Sphere model
3 The ratio fg/ fc is of order unity, and enters the expression for
the stripping radius as a power of 1/2. Any deviation from equal-
ity of the two gas fractions will have only a small effect on the
stripping radius.
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Figure 11. The remaining gas mass of an Mvir = 1011 M satellite halo (modeled with an NFW profile) in 3 representative simulated
clusters: CL101 (blue), CL3 (red) & CL14 (green). The ram pressure of the cluster is calculated by using the spherically averaged gas
density profile, and assuming the satellite travels at the virial velocity of the cluster. In this calculation we have assumed ε′ = 0.5. The
dashed lines show in comparison the remaining mass assuming an NFW model for the cluster gas (as in Fig. 9). We present the results
for the 3 clusters at z = 0 (a) and z = 0.6 (b). The dotted lines denote the lowest value of the shock edge as defined in §3.2 (Fig. 8).
The stripping in the simulated clusters is very similar to the NFW toy-model. The stripping is very effective in the high-mass clusters,
removing more than 80 per cent of the gas before the satellites reach the virial radius. The stripping in the lower mass clusters is less
effective but still more than 60 per cent of the gas is removed by the time the satellite reaches the virial radius of the cluster.
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Figure 12. The total amount of gas stripped from an NFW satellite halo of Mv,sat = 1011 M at twice the virial radius of the cluster (2Rc,
red circles) and at the virial radius of the cluster (1Rc, blue squares) in all the clusters of the simulation suite at z = 0 (a) and z = 0.6
(b). The effectiveness of the stripping in our simple model is dependent on the cluster mass, with the satellite losing about 60 per cent
of its gas mass in the low-mass clusters and as much as 80 per cent for the high mass clusters. The stripping is more effective at z = 0.6,
due to the higher densities found at the virial radius and the lower concentrations of satellites at that epoch.
can be seen to over-estimate the mass stripping, especially
in the outer regions of the cluster.
An interesting feature can be seen when comparing the
results for the 1011 M satellite in a 1015 M host (solid blue
line) to the results for a 1010 M satellite in a 1014 M cluster
(dotted blue line). Though the satellite-host mass ratio is
identical for both cases, the stripping is markedly weaker
for the lower mass host. This is due to the fact that the
concentration parameter is higher for lower mass haloes. The
relative drop in density (at a given position in units of Rvir)
is larger for a more concentrated host halo, reducing the ram
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pressure. In addition, a more concentrated satellite is more
tightly bound and therefore harder to strip.
In Fig. 10 we explore the dependence of the NFW model
on the stripping effectiveness parameter ε′. For a cluster of
Mv,clust = 1015 M we plot the mass remaining within the
gas halo at the virial radius of the cluster and at twice the
distance, for a range of satellite masses and ε′ values. We
can see that even for very weak stripping, i.e. low values of
ε′ ' 0.1, all but the most massive satellites lose more than
60 per cent of their mass at the virial radius.
Since we find that the stripping is effective even for low
values of ε′ we can rest assured that the various approxima-
tions made in our simple model, especially with respect to
the gravitational binding force (§4.3.2), do not change the
conclusion that the gas haloes lose all but a small fraction
of their initial mass before they reach the virial radius of the
cluster for the first time.
4.3.4 Ram Pressure Stripping in Simulated Clusters
We now make use of our simulated cluster systems to gauge
the stripping of the satellite gas halo in a more realistic
setting. The satellite is still modeled with an NFW profile,
moving at the virial velocity, but the gas density of the ICM
is taken directly from the simulations.
In Fig. 11 we show representative examples
for a 1011 M satellite halo in 3 simulated clusters
(CL101,CL3,CL14) at z = 0 and z = 0.6. The ram pressure
exerted by the cluster gas, eq. (15), is calculated using the
spherically averaged density profile from the simulation.
The lowest value of the shock edge, as defined in §3.2, is
also shown. For comparison, the stripping due to a cluster
with an NFW profile of the same virial mass is also shown.
The concentration parameter cv is defined here by the
cv–Mvir relation and not calculated from the dark matter
distribution in the simulation.
The stripping in the simulated clusters is very similar
to the results of the simple NFW toy-model. This indicates
that the NFW model is indeed a very good approximation
for the gas density profile of the cluster, at least for these
simulated clusters. The stripping is more effective for higher
mass clusters, since we assume the stripping is proportional
to V2vir and higher mass clusters have higher virial velocities
eq. (16). In high mass cluster the satellite retains less than
20 per cent of its gas mass at Rc, but even for the lower-
mass clusters, the satellite loses more than 60 per cent of its
gas mass. The stripping at the location of the shock edge is
already strong enough to strip over 60 per cent of the halo
gas, at least for the high-mass clusters.
In Fig. 12 we show the stripped mass of a
Mv,sat = 1011 M satellite calculated at a position within the
cluster of 2Rc and 1Rc for all the clusters in the simulation
suite at z = 0 and z = 0.6. The mass dependence of the ef-
fectiveness of the stripping is evident here. Even at 2Rc the
satellite halo in the high mass halo loses over half of the
gas and at 1Rc, only 20 per cent per cent of the gas still re-
mains. For the low-mass haloes, more than half the halo gas
has been removed at Rc. At first glance it would seem sur-
prising that the stripping seems less effective at z = 0 than
at z = 0.6 but one must keep in mind that the comparisons
in Figs. 11 and 12 are performed at the virial radius, which
changes by a factor of 2 between the two epochs. The den-
sity at the virial radius at z = 0.6 is higher by a factor of 2
than at z = 0, thus the stripping is greater, but in terms of
absolute distance, at z = 0 the stripping occurs at twice the
distance. In addition, the concentration of both clusters and
satellites is lower at z = 0.6 which also leads to more effective
stripping.
In Fig. 13 we see the effect of the gas stripping within
a representative cluster (CL103), as well as a representation
of the velocity field in the cluster. The left and right panels
show the cluster at z = 0 and z = 0.6 respectively. In Figs. 13a
and 13b we show the amount of mass stripped from a Mv,sat =
1011 M halo at every point within the halo. The satellite
is assumed to be traveling at a speed equal to the virial
velocity of the cluster, Vvir = 1497 km sec−1 at z = 0 and Vvir =
1009 km sec−1 at z = 0.6. As can be seen, the halo is stripped
to between 70 to 90 per cent of its original mass at the virial
radius. In fact, simply entering the shocked ICM leads to
stripping of 30 to 50 per cent of the mass.
It is important to note that in one respect the results
shown in Fig. 13 may be misleading – stripping along the
gas streams flowing into the clusters. This is especially per-
tinent since most galaxies are expected to accrete onto the
cluster via these streams. The density in the streams is high
compared to the surrounding ICM, so the stripping appears
enhanced in the streams. However, the ram pressure is a re-
sult of the motion of the satellite relative to the surrounding
medium, eq. (15). Within the ICM, which is characterized
by random motions, one does not expect the satellite motion
to be correlated to its surrounding. Clearly this is not the
case within the streams, which exhibit highly ordered flows.
This is especially apparent in Fig. 13b.
If a satellite travels along a stream (an example of this
can be seen in the bottom-right quadrant of Figs. 1d to 1f),
and its velocity is similar to the surrounding stream veloc-
ity, the RPS would be attenuated and the satellite could
reach the virial radius or even the cluster centre, while suf-
fering only minor mass loss. Thus, along the streams the
RPS may be stronger or weaker depending on whether or
not the drop in ram pressure due to the satellite co-moving
with the streams is compensated by the increased density in
the stream.
The results of our model are in agreement with those of
Bahe´ et al. (2013) who employ a cosmological SPH simula-
tions in which individual satellites can be followed and their
gas content monitored. Their results show that the hot gas
haloes are removed by the time the satellites reach the clus-
ter virial radius. In these simulations, the effect of stripping
seems to be enhanced in the filaments, with the increased
density within the stream outweighing the lower contribu-
tion of the relative velocity.
To complete the picture, we show in Fig. 14 the mag-
nitude of the ram pressure experienced by a satellite in the
cluster CL103 moving at a speed equal to the virial velocity
of the cluster at z = 0 and z = 0.6.
5 RAM PRESSURE STRIPPING OF THE
GALACTIC DISC
In the previous section we demonstrated that ram pressure
can be a very efficient mechanism for stripping the gas haloes
of satellites well outside the virial radius, thus removing the
MNRAS 000, 1–30 (2018)
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 Satellite at z = 0
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Figure 13. Stripping of the gaseous halo of a satellite calculated based on the simulated gas density in the ICM of the cluster CL103 at
z = 0 (left) and z = 0.6 (right). The RPS effectiveness parameter is assumed to be ε′ = 0.5. The figures show the percentage of gas mass
stripped from an Mvir = 1011 M satellite at each point in the cluster, travelling at the virial velocity of the cluster, Vvir = 1497 km sec−1 at
z = 0 and Vvir = 1009 km sec−1 at z = 0.6. We see that already in the vicinity of the shock front (marked by black circles) the satellite will
be stripped of at least 30 per cent of its mass. At the virial radius of the cluster (white circle) the satellite has lost between 70 to 90 per
cent of its halo gas mass. The black arrows show the velocity field which highlights the inflow along the high density streams.
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Figure 14. The ram pressure experienced by a satellite within the cluster CL103 at z = 0 (left) and z = 0.6 (right). The satellite velocity
is equal to the virial velocity of the cluster, Vvir = 1497 km sec−1 at z = 0 and Vvir = 1009 km sec−1 at z = 0.6. The RPS effectiveness parameter
is assumed to be ε′ = 0.5. The black arrows show the velocity field which highlights the inflow along the high density streams.
gas reservoir which can cool on to the galaxy. We now ad-
dress the possibility of removing the gas held within a galac-
tic disc by ram pressure stripping.
To do so, we wish to compare the force exerted by the
ram pressure on a gas element within the galaxy disc with
the gravitational binding force exerted by the galaxy, as was
formulated in eq. (2). Once again we wish to construct a
simple toy-model to evaluate the effectiveness of RPS on
the gas in the disc.
Here too we must stress that we intend to use the simple
galaxy model to obtain a limit on the RPS, and not to pre-
cisely reproduce the stripping, a feat which is beyond such
simple models. In this case, we wish to show that RPS is
not effective in removing the ISM gas from galaxies found
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in the outskirts of clusters beyond the virial radius. To do
so, we will employ several assumptions intended to maximize
the effect of the ram pressure and show that even then the
amount of gas removed from the galactic disc is negligible.
Once again we begin with fully analytic models, and after-
wards cast our analytic galaxies in into the more complex
and detailed ICM afforded by our simulation suite.
In our simple toy-model we make the following assump-
tions:
a) The galaxy is modeled as a thin exponential disc4of stars
and gas and a spherical stellar bulge.
b) The centre of mass velocity of the galaxy relative to the
ICM is perpendicular to the galactic disc plane, thus the ef-
fect of the ram pressure is maximal. Several numerical stud-
ies (Quilis et al. 2000; Roediger & Bru¨ggen 2006; Ja´chym
et al. 2009) found that except when the disc is nearly edge-
on compared to its direction of motion, RPS is largely insen-
sitive to the inclination angle with respect to the direction
of motion.
We now describe the galaxy model employed to calcu-
late the gravitational binding force per unit area within the
disc plane.
5.1 Disc Galaxy Model
Our galaxy model is comprised of three galactic components:
a stellar disc and a gaseous disc, both modeled as thin ex-
ponential discs, and a stellar bulge component, all of which
are embedded within a dark matter halo. In the following
sections we present the main characteristics of the model.
5.1.1 Stellar Disc
We model the stellar disc as an exponential disc, with surface
density and mass of
Σstars(R) = Σse−
R
Rs (30)
Mstars(R) = Ms
[
1 − e− RRs
(
1 +
R
Rs
)]
, (31)
where R denotes the distance from the disc centre in the
plane of the disc, Ms is the stellar mass in the disc and Rs
is the exponential scale radius. The surface density param-
eter Σs is related to the other parameters via the relation
Σs = Ms/(2piR2s ).
The gravitational acceleration in the plane of a thin,
exponential disc is (Binney & Tremaine 2008, Ch. 2.6)
g(R˜) = −dΦ
dR
= −piGΣs R˜×[
I0
(
R˜
2
)
K0
(
R˜
2
)
− I1
(
R˜
2
)
K1
(
R˜
2
)]
,
(32)
where Iν and Kν are the modified Bessel functions of the
4 In order to gauge the stability of the disc we extend the stellar
disc model to account for the vertical structure of the disc. How-
ever, we do not consider the vertical structure when calculating
the RPS.
first and second kind and we have defined R˜ = R/Rs. In the
interest of convenience we introduce the following function
Bν(x) = I0
(
ν
x
2
)
K0
(
ν
x
2
)
− I1
(
ν
x
2
)
K1
(
ν
x
2
)
, (33)
such that eq. (32) is now
g(R˜) = −piGΣs R˜B1(R˜). (34)
5.1.2 Gaseous Disc
The gaseous disc is also modeled as an exponential disc
(Bigiel & Blitz 2012) with a mass of Mg and a scale ra-
dius Rg. We present these parameters in units of the stellar
disc parameters as fgs = Mg/Ms and β = Rs/Rg. By this def-
inition, values of β > 1 correspond to a gaseous component
which is more compact than the stellar component and val-
ues of β < 1 result in a gaseous disc which is more extended
than the stars.
The surface density of the gas disc is therefore (see eq.
30)
Σgas(R˜) = Σge−
R
Rg = Σs fgsβ2e−βR˜, (35)
from which the mass profile is found to be
Mg(< R˜) = Ms fgs
(
1 − e−βR˜
(
1 + βR˜
))
. (36)
The gas disc contribution to the gravitational acceleration
is
ggas(R˜) = −piGΣs fgsβ3 R˜Bβ(R˜). (37)
5.1.3 Stellar Bulge
To model the stellar bulge component we use the Hernquist
profile (Hernquist 1990) for which the density profile is
ρ(r) = Mb
2pi
Rb
r
1
(Rb + r)3
, (38)
where the stellar mass of the bulge is Mb and the scale ra-
dius is Rb. As before, we recast the bulge model parameters
in terms of the stellar disc parameters, fbs = Mb/Ms and
ξ = Rs/Rb, noting fbs is essentially the ‘Bulge-to-Disc’ stel-
lar mass ratio. In many cases, observed galaxies are classified
according to the ‘Bulge-to-Total’ stellar mass ratio. The re-
lationship between the two is
B
T
≡ Mb
Ms + Mb
=
fbs
fbs + 1
. (39)
The gravitational acceleration exerted by the bulge (in the
disc plane) is thus
gbulge(R˜) = −
GMb
(Rb + r)2
= −2piGΣs fbsξ
2(
1 + ξ R˜
)2 . (40)
5.1.4 Dark Matter Halo
For a spherically symmetric dark matter halo, for which the
mass profile is MH(r) the contribution to the gravitational
acceleration will be
gH(r) = GMH(r)r2 → gH(R˜) = 2piGΣs
MH(R˜)
Ms
R˜−2. (41)
We assume an NFW model for the dark matter halo as de-
scribed in detail in §4.1.2.
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Figure 15. Decomposition of the gravitational acceleration into
the contributions from the various components in a Ms = 1010 M
galaxy. The total disc contribution (solid blue) is divided into the
stellar disc contribution (dashed blue) and the gaseous disc ( fgs '
0.2, β ' 0.9) contribution (dotted blue). The bulge component
( fbs ' 0.11, ξ = 3.6) can be seen to dominate the acceleration
in the centre of the galaxy (red). The galaxy is embedded in an
Mvir = 5.7 × 1011 M, cvir ' 9.5 NFW dark matter halo (green).
The total profile (black) is also shown. The halo becomes the
dominant component at r & 5Rs, where it becomes an important
contribution to the disc stability.
5.1.5 Full Model
For the fully assembled galaxy, the total gravitational accel-
eration is the sum of the contributions of all three compo-
nents
ggal(R˜) = − piGΣs R˜×B1(R˜) + fgsβ
3Bβ(R˜) + 2 fbsξ
2(
1 + ξ R˜
)2
 .
(42)
The full acceleration is obtained by adding the contribu-
tion of the halo (eq. 41) to the above expression. As one
would expect, at very large distances the acceleration drops
as ggal ∝ r−2.
In Fig. 15 we show a decomposition of the contributions
of the various components of the galaxy and halo to the
gravitational acceleration of a representative Ms = 1010 M
galaxy. The gaseous component is defined by a gas fraction
of fgs ' 0.3 and with β ' 0.9. The bulge-to-disc mass ratio
is fbs ' 0.2 with ξ = 3.6, and thus can be seen to dominate
the acceleration in the centre of the galaxy. In addition, the
galaxy is embedded in a dark matter NFW model halo with
Mvir = 4.8 × 1011 M and cvir ' 10. The halo contribution is
comparable to that of the disc in the inner parts of the galaxy
r . Rs but becomes the dominant component at r & 5Rs.
This has important consequences on the stability of the disc.
The force per unit area affecting the gas is
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Figure 16. The fractional error incurred by neglecting the z com-
ponent of the gravitational acceleration as a function of R˜ = R/Rs
and z/zs. We find that beyond Rs we may approximate the gravi-
tational binding force using the component within the disc plane,
neglecting the z component which accounts for less than 10 per
cent.
F = (ggal + gH)Σgas. The total force per kpc2 is therefore
F(R˜) = −piGΣ2s fgsβ2e−βR˜ R˜×B1(R˜) + fgsβ
3Bβ(R˜) + 2 fbsξ
2
R˜
(
1 + ξ R˜
)2 + 2MH(R˜)Ms R˜3
 ,
(43)
which we separate into a unit-less function F (R˜) describing
the spatial dependence of the force and a constant factor
comprised of the relevant galaxy parameters
F (R˜) = F(R˜)
piGΣ2s fgs
. (44)
As noted earlier, the true complexities of the RPS pro-
cess are beyond the scope of a simple analytic model. In re-
ality, the gas will be pushed out and the disc will be warped
by the ram pressure (e.g. Vollmer et al. 2008b,a).
We make a simplifying assumption that the total grav-
itational binding force is represented by the force acting on
a gas element in the plane of the disc. In order to estimate
the error implicit in this assumption we consider a thick disc
model to find the acceleration in the z direction. In a more
realistic thick disc, the gravitational binding force on a gas
element dm at a position (R, z), where R is the distance from
the centre in the plane of the disc and z is the perpendicular
distance from the disc plane will be
Fg =
√
g2R + g
2
z dm, (45)
where gR and gz are the gravitational acceleration compo-
nents parallel and perpendicular the disc.
In order to estimate the error of neglecting the accel-
eration in the z direction, we employ the Isothermal Sheet
model which assumes that the vertical distribution of the
stellar disc is locally isothermal such that the distribution
function of stars in the z direction at every R is Maxwellian
(Spitzer 1942; Mo et al. 2010). The resulting gravitational
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acceleration perpendicular to the disc in this model is given
by
gz(R, z) = Ms
R2s
e−
R
Rs tanh
(
z
2zs
)
, (46)
where zs is the scale height of the disc.
In Fig. 16 we examine the fractional error in the gravita-
tional acceleration incurred by neglecting the z-component
defined as
δg
g
= 1 − gR√
g2R + g
2
z
. (47)
As can be seen, in the regime relevant for stripping R &
Rs, z < zs, ignoring the vertical component of the accelera-
tion leads to negligible errors in estimating the gravitational
binding, and the total acceleration can be approximated by
the acceleration in the disc plane.
5.2 Constructing Mock Galaxy Catalogs
The disc model presented above is fully described by 2 pri-
mary parameters Ms, Rs of units M and kpc respectively,
while the rest of the parameters, namely fgs, β, fbs and ξ, are
unit-less ratios with respect to these parameters.
All together, this results in a rather large parameter
space which we need to explore to find the effectiveness of
RPS in removing gas from the galactic disc. To contend with
this challenge, we generate a large catalog of & 104 mock
galaxies, in which the different parameters have been chosen
randomly, thus allowing us to investigate the effects of RPS
on galaxies of many different attributes.
In the interest of achieving a physically motivated choice
for these parameters, we employ the model presented in Mo
et al. (1998) to relate the scale radius Rs to the stellar mass
of the disc and the properties of the host halo. The model
assumes that the gas which formed the stellar disc conserves
its specific angular momentum during the formation process,
and more importantly, that the specific angular momentum
was equal to that of the dark matter of the host halo in which
the galaxy formed. Dekel et al. (2013) and Danovich et al.
(2015) find that the spin of a galaxy and its host dark matter
halo are indeed very similar (up to a factor of 2), despite the
very different history of angular momentum buildup by gas
and dark matter. Observations of the relation between Rs
of the galaxy and Rvir of the halo are in general agreement
with this model (Kravtsov 2013). While the original model
assumed that all the gas ended up as stars in a stellar disc
and bulge, we have extended it to allow some of the gas to
form a gaseous disc component.
We relate the properties of the galaxy with the dark
matter halo by expressing the angular momentum of the disc
Jd as a fraction jd of the total angular momentum of the dark
matter halo J, such that Jd = jdJ. The angular momentum
of a dark matter halo can be expressed by the unit-less spin
parameter as defined by Bullock et al. 2001b
λ′ = J√
2MvirVvirRvir
. (48)
The angular momentum of the disc can be calculated
by5
Jd =
∫ Rvir
0
ΣT(R)RVc(R)2piR dR
= 2piΣsR3s
∫ Rvir
Rs
0
x2
(
e−x + fgsβ2e−βx
)
Vc(xRs) dx
= MsRsVvirτ−1,
(49)
where we have used the total disc surface density
ΣT = Σstars + Σgas (eqs. 30 and 35), and the circular velocity
of the disc is given by Vc. We define
τ−1 =
∫ ∞
0
x2
(
e−x + fgsβ2e−βx
) Vc(xRs)
Vvir
dx, (50)
setting the upper limit for the integral to ∞ since the inte-
grand drops exponentially, and the ratio Rvir/Rs is usually
of order ∼ 10–100.
The circular velocity needed to calculate eq. (50) is de-
termined by the entire system, i.e. stars, gas bulge and dark
matter. In calculating it one must take into account that
the sinking of baryons to the centre of the halo to form the
galaxy leads to a contraction of the dark matter in the centre
of the halo. We assume that the halo response to the assem-
bly of the disc is adiabatic (Blumenthal et al. 1986; Flores
et al. 1993; Dalcanton et al. 1997), and therefore the angular
momentum of individual dark matter particles is conserved.
Combining eqs. (48) and (49) the scale radius of the disc
can be expressed as
Rs =
√
2λ′
(
jd
md
) (
1 + fgs
)
τRvir, (51)
where md is the fraction of total mass initially in the halo
found in the galactic disc
md =
Ms + Mg
Mvir
=
Ms
Mvir
(
1 + fgs
)
, (52)
and τ = τ(Ms, Rs, fgs, β, fbs, ξ,md, cv) is a function of the model
parameters. The implicit equation eq. (51) can be solved it-
eratively once the values of the disc, bulge and halo param-
eters have been determined.
To implement this procedure, we must select the prop-
erties of the host dark matter halo for each galaxy (Mvir,cv
and λ′), the values of the parameters relating the halo to
the galaxy ( jd and md) and of course the galaxy properties
(Ms, fgs, β, fbs and ξ). The values of these parameters are
randomly chosen for each galaxy based on physical or ob-
servational considerations as well as wisdom gleaned from
simulations.
5.2.1 Setting the Galaxy Parameters
To achieve a comprehensive collection of model galaxies, we
generate mock catalog by sampling the parameter space of
the disc model in the following fashion:
a) Ms is randomly drawn from a uniform logarithmic distri-
bution in the range 9 < log(Ms) < 11.5, allowing us to gauge
the effectiveness of RPS as a function of mass.
5 We assume the stellar bulge has negligible angular momentum.
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b) We assume a gas content which can comprise up to 50 per
cent of the total disc mass. Accordingly, fgs is randomly
selected from a uniform distribution in the range [0.05, 1].
c) We assume a gas distribution which is either identical or
extended up to 2.5 times as the stellar distribution. This
entails selecting β from a uniform distribution in the range
[0.4, 1].
d) Bulge-to-Total ratios are in the range [0, 0.5], thus fbs is
selected from a uniform distribution in the range [0, 1].
e) We allow the bulge scale radius to lie between 25 per cent
of Rs to 2Rs, which is achieved by drawing ξ from a uniform
distribution in the range [0.5, 4].
5.2.2 Setting Halo Parameters
The host haloes are initially modeled using the NFW profile
(Navarro et al. 1996). The properties of the host haloes of the
galaxies are selected at random according to the following
prescription
a) The virial mass of the host halo is set as a factor of the total
stellar mass of the galaxy. For a given stellar mass (Ms+Mb),
we randomly select the ratio of stellar to dark matter mass
based on the relation (and scatter) found in Moster et al.
(2010).
b) Analysis of N-body simulations yields a power-law rela-
tion between Mvir and cv as a function of redshift (Bullock
et al. 2001a; Wechsler et al. 2002; Maccio` et al. 2008). The
concentration parameter cv is determined according to the
relation and scatter between Mvir and cv found in Mun˜oz-
Cuartas et al. (2011), with the scatter added randomly to
the mean relation.
c) Several studies and observations (Syer et al. 1999; Bullock
et al. 2001b; Maccio` et al. 2008) have found that the spin
parameter λ′ follows a log-normal distribution
P(λ′) = 1
λ′
√
2piσ
exp
(
− ln
2(λ′/λ′0)
2σ2
)
, (53)
which is independent of halo mass and appears to have a very
weak dependence on redshift. We draw the value of the spin
parameter of the host halo based on the above distribution
with λ′0 = 0.031, σ = 0.57 based on Mun˜oz-Cuartas et al.
(2011). We limit our sample to haloes with λ > 0.01 due
to numerical convergence considerations. Systems that do
not meet this criterion account for ∼ 3.5 per cent of the
population.
5.2.3 Selecting md and jd
The relationship between jd, the fraction of total angular
momentum found in the disc, and md, the fraction of mass
in the disc, can be set by physical considerations. It is often
assumed that the baryons, who initially share the density
distribution and angular momentum of the halo, conserve
their specific angular momentum as the disc is formed. This
leads to the following relation
J
Mvir
=
Jd
Ms + Mg
⇒ md = jd. (54)
Mo et al. (1998) find that the above relation succeeds in
fitting the sizes of z = 0 discs and we adopt this assumption
unless noted otherwise6. The above relations assume that
no angular momentum was transferred to the halo. If the
baryons do lose angular momentum to the halo then eq. (54)
should be considered as an upper limit.
The value of md is set by eq. (52) once the values of Ms,
fgs and Mvir have been set.
5.2.4 Disc Stability
Since the values of the parameters are selected randomly and
independently of each other, the resulting galaxies generated
for our catalog may not be dynamically stable. In order to
weed out such galaxies we employ the Toomre stability anal-
ysis (Toomre 1964; Dekel et al. 2009), in which a thin stellar
disc is deemed unstable when the local gravity overcomes
the combined stabilizing effects of rotation and pressure due
to turbulent or thermal motions. This criterion is expressed
by the Toomre Q parameter having a lower value than a
stability threshold Qc = 1
Q =
σRκ
3.36GΣ(R) < 1, (55)
where σR is the radial velocity dispersion of the stars, κ is
the epicyclic frequency and Σ(R) is the surface density of the
stellar disc.
The parameter σR is not defined in our model since we
do not account for the orbital properties of the stars but
treat the disc as a single entity. To solve this shortcoming,
we consider the case of a thick galactic disc. For a stable,
relaxed system one may assume that the velocity dispersion
components are proportional to each other. Thus σR ∝ σz
where z is the direction perpendicular to the disc plane. By
expanding our disc model to account for the disc thickness
we can estimate the value of σz and by proxy obtain a value
for σR. We once again turn to the Isothermal sheet model,
in which the velocity dispersion in the z direction is related
to the velocity dispersion in the z direction by
σ2z (R) = 2piGΣ(R)zs. (56)
Observations show that that the scale height zs is gener-
ally independent of R and, to a good approximation, a con-
stant fraction of the scale radius Rs (van der Kruit & Searle
1981a,b, 1982), such that zs = ζRs. This allows us to ran-
domly select appropriate scale heights for the galaxies based
on observed distributions (Bizyaev & Mitronova 2002), and
thus determine σz.
By further assuming that σR ∝ σz (Kregel et al. 2005),
the Q parameter can be calculated. We discard galaxies for
which the value of Q for any point on the disc drops below
1. Using this criteria we find that ∼ 1 per cent of the discs
generated are unstable. Based on the assumptions detailed
above, we have generated a mock catalog of order 1.9 × 104
stable galaxies, which will serve for testing the ram pressure
stripping of galactic gas.
6 In the above, we have assumed the bulge has no angular momen-
tum, and whatever angular momentum lost during the bulge for-
mation was transferred entirely to disc. Relaxing this assumption,
namely that the entire baryonic component conserves its specific
angular momentum leads to jd = md +mb, with mb = Mb/Mvir.
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Figure 17. The binding gravitational force in a Ms = 1010 M
disc versus the enclosed gas mass for various disc models. Solid
lines denote bulge-less disc galaxies of gas fraction fgs = 0.1 for
β = 1 (blue), β = 0.5 (red) and β = 2 (green). Dashed lines denote
galaxies with B/T = 0.2, ξ = 3 and fgs = 0.1 and dotted lines
denote bulge-less galaxies of fgs = 0.25. The galaxy is embedded
in M = 4.8 × 1011 M, cv = 10 NFW dark matter halo. The black
horizontal line demarks a value of P, the L.H.S of the stripping
condition eq. (59), which is typical for a satellite at 0.5Rc of a
1015 M cluster. The intersection point of that line with the F
curves denoting the amount of gas being stripped in each case.
As a galaxy moves closer to the cluster centre, the P line will rise
in value. It is clear that varying the gas fraction has little effect
on the binding force, and the bulge has a significant effect only
in the central areas.
5.3 Employing the Stripping Condition in an
NFW Model Cluster
With a catalog of galaxies covering the relevant parameter
space in hand we can now assess the effectiveness of RPS on
the gas in the galaxy, embodied by eq. (2).
As before, we begin by modelling the ICM with an
NFW model (§4.1.2) and assume the galaxy speed is identi-
cal to the virial velocity (§4.3.1). Under these assumptions,
the ram pressure, eq. (18) and binding gravitational force
eq. (44) can be inserted into the stripping condition eq. (2)
ε fc
G
4pi
M2vir
Rc4
[
A (1; cv)r˜
(
c−1v + r˜
)2]−1
> piGΣ2s fgsF (R˜). (57)
For the sake of convenience, we define a new quantity en-
capsulating the cluster parameters Σc ≡ Mvir/(2piR2c ). Scaling
for typical values we find, making use of eq. (1),
Σc '

2.4 × 107
(
Mvir
1015
) 1
3 M kpc−2 z = 0
4.6 × 107
(
Mvir
1015
) 1
3 M kpc−2 z = 0.6
. (58)
The stripping condition now takes the form
P(r˜p) ≡ ε fcfgs
(
Σc
Σs
)2 [
A (1; cv)r˜
(
c−1v + r˜
)2]−1
> F (R˜). (59)
We recall that F (R˜) describes how the binding force changes
as a function of distance from the galaxy centre. P(r˜p) em-
bodies the strength of the ram pressure at a given position,
normalized to the properties of a specific galaxy. As before,
ε is a fudge-factor of order unity which encapsulates any
uncertainties in the model.
To find the effect of the ram pressure we relate the gravi-
tational binding force acting on a gas element at given radius
with the gas mass enclosed within that radius. A galaxy at
a given position within the cluster will be characterized by a
value of P which can be equated with F , which in turn de-
termines how much mass is unaffected by the ram pressure.
In principle, stripping of mass from the galaxy decreases
the self-gravity. We ignore this effect since we are only strip-
ping the gas, which accounts for a small contribution to the
gravitational force, while the main contributors to the force,
the stellar disc and dark matter halo, are unaffected by RPS
(and as shown in §4.2, tidal stripping which can affect the
stellar and dark matter components is not relevant in the
cluster outskirts). We assume the rest of the galaxy is un-
affected by the ram pressure, an assumption which is sup-
ported by simulations (Quilis et al. 2000).
In Fig. 17 we show the F (R˜) − M(R˜) relation for sev-
eral illustrative examples of a Ms = 1010 M galaxy with
a gas-to-stellar mass ratio of fgs = 0.1 embedded in an
Mvir = 4.8 × 1011 M, cv = 10 NFW dark matter halo. The
different coloured solid lines in the plot correspond to dif-
ferent gas distributions: (a) A distribution identical to the
stellar component (β = 1, blue), (b) A distribution which is
twice as extended, (β = 0.5, red), (c) A distribution which
is twice as compact (β = 2, green), all in a galaxy without a
bulge component. Gas rich galaxy models with an enhanced
gas fraction of fgs = 0.25 are plotted with dotted lines. In
addition, galaxy models with a bulge of B/T = 0.2 and disc-
to-bulge scale radius ratio of ξ = 3 (dashed lines), are also
shown.
We see in the figure that a value of P = 0.15, typical for a
satellite at 0.5Rc of a 1015 M cluster (shown as a horizontal
black line), corresponds to a stripping of ∼ 20 per cent of
the mass for the compact distribution, about 40 per cent
in the case of an identical distribution and in the case of
an extended gas distribution all of the gas is removed in
the bulge-less model, whereas 10 per cent or so of the gas
remain if a bulge is present. Thus we can see that the gas
distribution is very important in setting the effectiveness of
RPS. The bulge can be seen to have a strong influence in the
central areas of the galaxy, while increasing the gas fraction
in the galaxy does very little to affect the binding force. As a
galaxy moves closer to the cluster centre, P ∝ r˜−2p increases
and the horizontal line will rise, indicating more stripping of
the gas.
In our catalog, we find a mean value7of 〈log Σs〉 = 108
which means that at the virial radius r/Rc = 1, the parameter
P will be of order 0.05 for a typical cluster, using eqs. (58)
and (59) (assuming ε = 1). Thus, a galaxy of Ms = 1010 M,
as shown in Fig. 17, will lose at most ∼ 50 per cent of its
gas if its gas distribution is extended compared to the stars.
If the gaseous component is not extended the mass loss will
be much smaller. This indicates that RPS is most likely not
effective in removing the gas from galaxies when they are
beyond the virial radius of clusters.
We examine the stripping for the entire galaxy catalog
7 The distribution of Σs values in our catalog is Gaussian in log(Σs)
with a mean value of 8.03 and σ = 0.57.
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Figure 18. The distribution of satellite galaxies in the mock catalog on a plane relating the parameter Σs and the percentage of stripped
mass at a given position in a Mv,clust = 1015 M NFW cluster and a gas fraction of fc = 0.15. Coloured contours correspond to the
percentage of the galaxy population enclosed within the contours. The four panels correspond to the stripping at different positions in
the cluster: 2Rc (a), Rc (b), 0.5Rc (c) and 0.2Rc (d). The inlay shows the cumulative distribution of the stripped mass in the catalog
galaxies. At 1Rc we find that 50 per cent of the population has lost less than 20 per cent of the mass and less than 10 per cent of the
galaxies have lost more than 60 per cent of the gas. The stripping can be seen to be ineffective at 1Rc and beyond, but within the virial
radius a large part of the population has lost a significant amount of gas. The percentage of galaxies who lost more than half their gas
is . 5 per cent at 2Rc, 15 per cent at 1Rc, 30 per cent at 0.5Rc and 60 per cent at 0.2Rc.
in Fig. 18, where the galaxies are assumed to be in an NFW
model 1015 M cluster with a gas fraction of fc = 0.15, as-
suming ε = 1. We find the amount of stripped mass in each
galaxy and show the distribution of the galaxy population
according to the stripped mass and Σs for 4 different po-
sitions within the cluster: 2Rc, 1Rc, 0.5Rc and 0.2Rc. The
contours correspond to the percentage of the population en-
closed within them, and the cumulative distribution of the
stripped mass is also shown in the inlay.
At twice the virial radius (Fig. 18a) the stripping is
practically negligible, with 50 per cent of the population
retaining more than 95 per cent of their gas, and 90 per cent
of the population retaining more than 65 per cent of their
gas. At the virial radius (Fig. 18b), the stripping is still
largely ineffective, with about 80 per cent of the galaxies
retaining more than 60 per cent of their gas, although there
are already some galaxies (∼ 3 per cent) who have been
stripped of more than 90 per cent of their gas. These levels
of stripping were achieved with the assumption of maximal
RPS effectiveness ε = 1.
Within the virial radius (Figs. 18c and 18d), RPS be-
comes an important process, affecting nearly all the galaxies
to some extent. In the central regions (∼ 0.2Rc) over half of
the galaxies have lost more than 60 per cent of their gas,
and of these most of lost virtually all their gas.
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Figure 19. RPS of galaxies in the simulated clusters. The ram pressure is calculated from the gas density profiles of 3 simulated clusters:
CL101 (a) & (b), CL3 (c) & (d) and CL14 (e) & (f), at z = 0 (left) and z = 0.6 (right). Mass stripping is calculated for three mock catalogs
of 1000 galaxies each for which the stellar disc mass is constant: 109 M (blue), 1010 M (red) and 1011 M (green). The mean value of
the remaining gas mass for each of the catalogs is shown (solid line) with the shaded region corresponding to a range of 1σ about the
mean. Also shown is the minimal location of the shock edge as defined in §3.2 (black dashed). The value of the fudge-factor for RPS
is ε = 1. We find that the stripping becomes pronounced within the virial radius of the cluster. Beyond the virial radius, satellites of
Ms > 1010 M undergo very little stripping while the low-mass satellites still retain more than 60 per cent of their gas mass. Satellites in
higher mass clusters naturally experience more stripping.
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Figure 20. The relation between the remaining gas mass in a
galaxy and the reduction in SFR as a result of the mass loss. The
different lines correspond to different values of α, the exponent
in the Kennicutt–Schmidt law ΣSFR ∝ Σαgas. The SFR of a galaxy
with only 40 per cent of its gas remaining will be ∼ 60 per cent
of its original value, for values of α ' 1.4. To reduce the SFR of
a galaxy to half its initial value one must remove at least 70 per
cent of the gas.
5.4 RPS of the Galactic Disc in Simulated
Clusters
We examine the effectiveness of the stripping in a more real-
istic setting in Fig. 19 by using the gas density profiles from
3 of our simulated clusters: CL101, CL3 and CL14 at z = 0
and z = 0.6, in a similar fashion to Fig. 11. As before, the
ram pressure is calculated based on the gas density profile
and under the assumption that the speed of the galaxy is
equal to the virial velocity of the cluster. The fudge factor ε
is also employed to account for uncertainties in the model,
and is set to ε = 1 to ensure maximal stripping.
As test cases we generated mock catalogs of 1000 galax-
ies each, in which the stellar disc mass was identical for all
galaxies. Three such catalogs were generated with stellar
disc masses of 109, 1010 and 1011 M.
As one would expect, galaxies travelling in clusters of
higher mass experience more stripping. One can also see that
galaxies of lower masses are more susceptible to RPS. Here
too the RPS becomes effective when galaxies are within the
virial radius of the cluster. As noted in relation to Fig. 12,
while the stripping may seem more effective at z = 0.6, one
must bear in mind that the virial radius at z = 0.6 is lower
by a factor of ∼ 2. In essence, one is examining stripping at
a much smaller radius in comparison to the z = 0 case, since
the cluster gas density profile does not change significantly
between these times at a given position.
5.5 Relating the Mass Stripping to Star
Formation Quenching
In the previous sections we explored the amount of gas re-
moved from the disc of satellite galaxies as a result of RPS.
Clearly, removal of the gas from the galaxy should result in
a drop in the star formation, but the relation between the
two is not necessarily linear.
The observational Kennicutt–Schmidt relation
(Schmidt 1959; Kennicutt 1998) relates the surface
density of the gas in a galaxy with the star formation rate
per unit area, ΣSFR ∝ Σαgas, with an exponent in the range
of α = 1 − 1.5. This relation is seen to hold locally within a
galaxy, as well as on average over the entire disc.
Thus, the central areas where the density is higher (and
the gravitational binding is stronger) will account for a larger
part of the star formation than the outskirts of the disc,
even though they contain more mass. RPS, on the other
hand, preferentially removes gas from the outskirts. As a
result, removing half the gas in the galaxy will not result in
a 50 per cent drop in star formation, but rather in a smaller
reduction.
For the exponential disc model we employed in this pa-
per (see §5.1.2) one can approximate the SFR using the
Kennicutt–Schmidt law for a given galaxy model. For a
galaxy which has undergone stripping, one can relate the
amount of gas remaining in the galaxy to the reduction in
the total SFR, compared to its value before the stripping
took place.
In Fig. 20 we show this relation for several represen-
tative values of α, the exponent in the Kennicutt–Schmidt
law. We see that for α = 1, the fraction of remaining mass is
equivalent to the reduction in SFR. For α > 1, the reduction
in SFR will always be smaller than the reduction in mass.
The SFR of a galaxy stripped of half its gas will be ∼ 70 per
cent of its original value for α ' 1.4. Conversely, to reduce
the SFR of a galaxy to half its original value, one must strip
roughly 70 per cent of its gas.
This means that the results for the stripped mass in
galaxies shown in Figs. 18 and 19 should be considered as
upper-limits to the amount of star-formation quenching in
those galaxies. This only enhances the conclusion that RPS
is not an effective mechanism for inducing star formation
quenching in the outskirts of clusters.
6 STAR FORMATION QUENCHING
The quenching of star formation in galaxies can be achieved
by removing enough gas from the galaxy such that there is
insufficient fuel for forming new stars. It is common to distin-
guish between two modes of quenching. If the gas is removed
from the galactic disc, new stars cannot be formed and the
shut-down of star formation is very rapid. However, if the gas
in the galaxy remains intact, and only the gas from the sur-
rounding halo is removed, star formation can still continue
within the galaxy for some time before exhausting the gas
in the disc. Since the gas in the disc cannot be replenished
the star formation in the galaxy will eventually cease, albeit
much more slowly. This is often referred to as quenching by
‘starvation’.
In §4 and §5 we presented two toy models which allowed
us to assess the effectiveness of removing the gas, via RPS,
from the gas haloes surrounding satellite galaxies as well as
from the within the galactic disc. The two main results of
these toy models with respect to star formation quenching
in the cluster outskirts (r & Rvir) are that RPS is not ef-
fective at removing the gas from within the galactic disc in
these regions and thus, rapid quenching cannot take place in
the outskirts (assuming no other quenching processes take
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Figure 21. Time of travel for a satellite galaxy, ttravel, from
Rshock → Rvir in the suite of simulated clusters is shown for z = 0
(blue) and z = 0.6 (red). The values for t2→1Rvir at z = 0 and z = 0.6
are also shown (dashed and dot-dashed, respectively).
place) and that RPS is very effective in stripping the halo
gas surrounding galaxies, removing as much as 80 per cent
of the gas by the time the satellites reach the virial radius
of the cluster.
We therefore find that star formation quenching in the
outer regions can occur by ‘starvation’– the removal of the
gas reservoir in the halo and subsequent decline of star for-
mation over time as the gas within the galaxy is depleted.
In contrast, within the virial radius and especially in the
inner regions of clusters, ram pressure can lead to the com-
plete removal of gas from the galaxy leading to very rapid
quenching.
In light of these results we wish to determine whether
galaxies, after crossing the accretion shock at the edge of the
system and losing their gas reservoir will be quenched by the
time they reach the virial radius. To do so we must compare
the time it takes a satellite to travel from the accretion shock
to the virial radius (ttravel), to the depletion time, the time it
takes to use up all the gas within a galaxy (tdepl).
6.1 Travel Time
As we have seen in §3.2, the shock front demarking the edge
of the ICM is typically found at & 2Rvir. As a first approxi-
mation, we assume galaxies travel at the virial velocity and
find the time it takes to travel from 2Rvir to 1Rvir, based on
the virial relation eq. (1)
ttravel,vir =
Rvir
Vvir
=
Rvir√
GMvir/Rvir
= 1.96
(
∆vir(z)
337
ρref(z)
ρmean(0)
)− 12
Gyr.
(60)
This results in a time-scale which, at any given time, is in-
dependent of the virial parameters of the system. At z = 0.6
we find t2→1Rvir = 1.2 Gyr.
For a more detailed result we turn to our suite of sim-
ulated clusters. To assess the typical velocity of incoming
objects we created a mass-weighted inflowing radial velocity
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Figure 22. The depletion time inferred from the Kennicutt–
Schmidt law as a function of average gas surface density (green).
Also shown are the median value for the distribution of travel
times in the simulated clusters at z = 0 and z = 0.6 (blue & red,
respectively) as shown in Fig. 21, as well as t2→1Rvir (black). The
depletion times for typical galaxies are of the order of the travel
times showing showing that galaxies may quench by ‘starvation’
even before reaching the virial radius of the cluster.
profile by averaging only over simulation cells in which the
radial velocity of the gas is inflowing, i.e. vr < 0,
〈vr 〉 =
∬
vr (r, θ, ϕ)W(r, θ, ϕ) dθ dϕ∬
W(r, θ, ϕ) dθ dϕ , (61)
where
W(r, θ, ϕ) =
{
ρ(r, θ, ϕ) vr < 0
0 vr > 0
. (62)
The travel time can now be calculated
ttravel =
∫ Rin
Rout
dr
〈vr 〉 . (63)
In Fig. 21 we show the calculated travel times for travelling
from the shock edge (lowest value, see §3.2) to 1Rvir, for
the clusters at z = 0 and z = 0.6. As can be seen, the results
are of order several giga years and greater than the virial
approximation t2→1Rvir by a factor of a few.
6.2 Gas Depletion Time
To find the gas depletion time we use the Kennicutt–Schmidt
law
ΣSFR = A
(
Σgas
M pc−2
)α
(64)
for the average surface densities of the gas and SFR. Ken-
nicutt (1998) found this relation to hold over several orders
of magnitudes in surface density and found the values of
the parameters based on observations to be α = 1.4 ± 0.15
and A = (2.5 ± 0.7) × 10−4 M kpc−2 yr−1. Additional studies
(e.g. Kennicutt et al. 2007; Leroy et al. 2008; Tacconi et al.
2013) found different values for the exponent in the range
α = 1.0–1.5, and also found that the relation holds over a
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large range of redshifts (Tacconi et al. 2013). The relation
is also seen to apply locally within a single galaxy, although
the parameters of the relation usually vary between different
galaxies (Bigiel et al. 2008).
The relation can be theoretically motivated if one as-
sumes that SFR ∝ ρgas/τ, where τ is a relevant time scale.
If τ is taken to be the free-fall time tff ∝ ρ−1/2gas we naturally
arrive at the Kennicutt–Schmidt law with an exponent of
α = 1.5 (Madore 1977). More detailed analysis derived the
relation from the physics of molecular clouds, where the ac-
tual star-formation occurs (Krumholz & McKee 2005), or
by the properties of the density distribution function of the
ISM (Kravtsov 2003).
Gas can be depleted either through star formation, or
through feedback process, such as supernova feedback or ra-
diative feedback from massive main-sequence stars, which
drive outflows from the galaxies. These processes can be
assumed to scale with the star formation rate such that
Σoutflow = τΣSFR where τ ≈ 1 (Dekel & Mandelker 2014).
The average gas density then follows the equation
Û
Σgas = −ΣSFR(1 + τ) = −A˜(1 + τ)Σαgas, (65)
where A˜ ≡ A/106α due to unit conversion. The solution to
this equation is 8
Σgas(t) =
(
Σ
1−α
0 + (α − 1)(1 + τ)A˜t
) 1
1−α
, (66)
where Σ0 ≡ Σgas |t=0. As one would expect, the gas surface
density goes to 0 asymptotically.
We define the depletion time as the time in which the
average surface density drops to a given fractional value 
tdepl =
(
1−α − 1
) Σ1−α0
(α − 1)(1 + τ)A˜
= 3.01
(
Σgas
107 M kpc−2
)−0.4
Gyr.
(67)
The typical depletion value given above is defined for rep-
resentative values of  = 0.1 and α = 1.4, A˜ = 10−14 and is
consistent with observations (Kong 2004; Bigiel et al. 2008;
Leroy et al. 2008; Pflamm-Altenburg & Kroupa 2009; Bauer-
meister et al. 2013).
In Fig. 22 we show the depletion time as a function of
Σgas as well as the median of the travel time distribution in
our simulated clusters. As can be seen, the depletion time
and travel times are of the same order for ordinary disc
galaxies (Σgas ∼ 106–107 M kpc2).
The values of tdepl found above should be treated as
an upper limit to the star formation quenching time. Ob-
servations and theoretical studies point to a threshold gas
density necessary for star formation (Krumholz et al. 2009).
This threshold may be reached before the gas is completely
depleted. Another factor to consider is that the ram pressure
exerted by the ICM can also enhance the star formation rate
of a satellite galaxy due to the additional pressure exerted
on the ISM of the satellite galaxy (Bekki & Couch 2003;
8 In the case of α = 1, the solution to eq. (65) is an exponential
decay with a decay time-scale of
(
A˜(1 + τ)
)−1
.
Kronberger et al. 2008). If so, the actual depletion time may
be even shorter.
We see therefore that the depletion time (and by exten-
sion the star formation quenching time) and the travel time
are of the same order and that galaxies beyond the virial
radius in clusters may quench due to gas depletion in the
galaxy after the loss of their halo gas reservoir to RPS, even
before crossing the virial radius for the first time.
While we have shown that quenching via ‘starvation’ is
feasible for galaxies beyond the virial radius of the cluster,
we note that not all galaxies will necessarily be quenched.
As seen in Fig. 21, the typical travelling time varies between
clusters, and galaxies with long depletion times may reach
the virial radius before quenching if the travel time is suffi-
ciently low. This can account for the observed star-forming
galaxies found within the virial radius.
7 DISCUSSION: VALIDITY OF THE RPS
MODEL
Of the various processes occurring in the extended ICM
which can lead to gas depletion and star formation shut-
down we focus here on ram pressure stripping. This hydro-
dynamic process is known to occur in clusters (Cayatte et al.
1994; Kenney et al. 2014; Abramson & Kenney 2014) and
has been studied analytically (Gunn & Gott 1972; Gisler
1976) and numerically (Gisler 1976; Abadi et al. 1999, also
see Roediger 2009 and references therein).
To study the effectiveness of RPS we employed a simple
analytic toy-model which we apply to stripping of the hot
halo gas surrounding satellite galaxies and to the stripping of
gas within the galactic disc itself. Our model, while easy to
implement, is based on a set of simplifying assumptions. The
model is instantaneous rather than dynamical– we assess
the mass loss for a given halo/galaxy at a given position in
the cluster while disregarding its history and ignoring the
subsequent evolution. We assume mass loss occurs rapidly
and do not address the dynamical response of the system to
the mass loss (Smith et al. 2012).
In modelling the gas distribution of the gas halo of the
satellites, we have assumed that the gas is isothermal and
in hydrostatic equilibrium within the dark matter potential.
Gas distributions which assume a more general polytropic
equation of state for the gas have been suggested (e.g. Ko-
matsu & Seljak 2001), and we intend to extend our RPS
model to include these profiles in a future work. In addition,
we are ignoring the multiphase nature of the gas in the disc,
an omission which over-estimates the ability of RPS to re-
move the clumpy cold gas component (Tonnesen & Bryan
2009).
In reality, studies have shown that the gas removal from
a galaxy undergoing stripping is a multi-stage process in
which the gas located beyond the stripping radius is first
displaced from the disc over a time-scale of ∼ 10 Myr and
is subsequently completely unbound over longer time-scales
of ∼ 100 Myr (Schulz & Struck 2001; Marcolini et al. 2003;
Roediger & Hensler 2005; Roediger & Bru¨ggen 2007). In the
interim, some of the displaced gas can be re-accreted to the
galaxy. A third phase of prolonged viscous stripping (Nulsen
1982) follows.
Despite the inaccuracies of the simple model employed
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in this paper, we find it is a very useful tool whose results re-
garding the stripping in the cluster outskirts can be trusted,
if wielded properly. In both the halo gas and disc gas strip-
ping scenarios we used the model to obtain a lower or upper
limit for the stripping effectiveness to overcome the short-
comings of the model.
In the halo gas stripping scenario we found that the
stripping was very effective for typical satellite masses even
when the effect of RPS was reduced by hand (via the fudge-
factor ε′, Fig. 10). Since RPS only affects the gas and not
the dark matter in the cluster outskirts (§4.2) the potential
well of the satellite will remain largely unchanged, and since
the RPS is so strong, the assumption of rapid gas removal
is justified.
Due to the shortcomings of the model which we listed
above, one may argue that for the scenario of stripping gas
from the disc, the model over-estimates the stripping by as-
suming rapid and total gas removal. However, we find that
the stripping is largely ineffective, even when ensuring a
maximal effect of the ram pressure. This is done by assuming
a relatively high cluster mass (1015 M) and taking a maxi-
mal value of the fudge-factor ε = 1). We can thus be assured
that in the outskirts of clusters RPS is not an effective form
of disc gas stripping.
In focusing on RPS we have also neglected other pro-
cesses which may lead to gas depletion. Two relevant dynam-
ical process are tidal stripping by the cluster and interactions
with other satellites in close encounters, the combined effect
of which is known as ‘galaxy harassment’ (Moore et al. 1996;
Gnedin 2003a). Tidal stripping is strongly dependent on the
cluster-centric distance (Dekel et al. 2003) and as shown in
§4.2, can be ignored in the outskirts of clusters (see also the
Appendix of McCarthy et al. 2008). Due to the high relative
velocities between satellite galaxies, perturbations induced
by close encounters are expected to be small (Boselli et al.
2006).
Two additional relevant hydrodynamical processes are
viscous stripping (Nulsen 1982) and thermal evaporation
(Cowie & Songaila 1977). Viscous stripping occurs when the
gas in the outer layers of a galaxy travelling through the ICM
experiences a momentum transfer due to viscosity which can
lead to gas removal. The effectiveness of the stripping de-
pends on whether the flux is laminar or turbulent, which in
turn depends on the size of the galaxy. Thermal evaporation
occurs at the interface between the hot ICM and the much
cooler ISM. The mass loss rate is sensitive to the temper-
ature of the ICM ÛM ∝ T3/2ICM, and the presence of magnetic
fields which can reduce the efficiency of this process.
The effect of these two processes on the disc are quali-
tatively similar to that of RPS, in that only the gas in the
satellite is affected (and not the stellar or dark matter com-
ponents) and that the processes work on the gas from the
outside in. In terms of relative importance, in the central
regions of clusters both RPS and viscous stripping are ex-
pected to be the dominant mass loss channels in galaxies
which are extended and/or characterized by high orbital ve-
locities, while thermal evaporation becomes important for
smaller (dwarf) galaxies (Boselli et al. 2006). Roediger &
Bru¨ggen (2008) and Roediger (2009) find that viscous strip-
ping has a minor effect compared with RPS and its impact
is felt only over much longer time-scales.
While thermal evaporation has been shown to be
equally as important as RPS in the central regions of cluster
(Nulsen 1982), since it is strongly dependent on the temper-
ature, its effect is greatly reduced in the outskirts of clusters.
As seen in Fig. 5, the temperature in the outskirts can drop
to as much as 20 per cent of the temperature within Rvir
which entails a mass loss rate due to evaporation which is
90 per cent smaller than in the central regions of the cluster.
Another aspect of the interaction we have neglected is
the effect of magnetic fields on the mass loss due to RPS. In-
teractions between the magnetic fields of the ISM and ICM
may somewhat suppress mass loss, depending on the orien-
tation of the ICM magnetic field to the direction of motion
of the galaxy, with a parallel orientation leading to stronger
suppression of mass loss. The overall effect however is found
to be mild (Shin & Ruszkowski 2014; Tonnesen & Stone
2014; Ruszkowski et al. 2014).
For the case of halo gas stripping, one must consider
the confining effect produced by the ICM pressure. The ICM
pressure may lead to a contraction of the gas halo and reduce
the efficiency of RPS. Bahe´ et al. (2012) find that the ram
pressure is generally dominant over confinement pressure.
8 CONCLUSION AND DISCUSSION
It is common practice to treat the virial radius, defined by
the mean over density of the dark matter halo with re-
spect to the mean cosmological density, as the outer edge
of a collapsed cosmological object. Although this definition
is physically motivated by the process of energy-conserving
virialization (embodied in the spherical collapse ‘Top Hat’
model), in the case of cluster-sized systems & 1014 M the
true extent of the cluster hot gas is far greater.
We examined 16 high-resolution simulated cluster sys-
tems and found that, at least from z = 0.6 and onwards, the
virial accretion shock extends to well beyond the virial radius
and is usually found at a distance of ∼ 2.5Rvir, an estimate
based on the peak of the entropy profile of the cluster and
the maximal negative entropy gradient along the profile.
The virial accretion shock is comprised of several shock
fronts (‘lobes’) which extend between the large scale fila-
ments and merge seamlessly with the cylindrical shocks sur-
rounding the filaments that feed the cluster. Though very
rough, our edge detection method manages to capture the
main features of the shock edge, and gives a reliable estimate
for the shock edge fronts in the simulated clusters.
The relative positions of the accretion shock and Rvir
show that the standard virial radius encloses . 10 per cent
of the ICM volume. Rvir should be treated as a useful ball-
park scale of the cluster size, but not necessarily its edge.
As a result it should come as no surprise that galaxies at
cluster-centric distances of several times Rvir are affected by
the cluster environment (Park & Hwang 2009).
Lau et al. (2015) have shown that the profiles of clus-
ter properties are self-similar if normalized by the mass ac-
cretion rate into the cluster. As a result, they find that
the location of the accretion shock, when cast in units of
R200, is strongly dependent on the mass accretion parameter.
Clusters with a high accretion rates have smaller accretion
shocks. We have confirmed this behavior in our simulated
cluster suite as well.
Another measure of the ‘edge’ of a dark matter halo is
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the ‘splashback’ radius (Diemer & Kravtsov 2014; Adhikari
et al. 2014) which is defined by a sharp drop in the density
profile of the halo. More et al. 2015 find that the splashback
radius is typically larger than the virial radius in high mass
haloes, in general agreement with our findings.
Observational confirmation of the shock location should
be possible. The virial shock front can accelerate charged
particles to very high energies of & TeV which then
Compton-scatter CMB photons into γ-rays (Loeb & Wax-
man 2000; Keshet et al. 2003). The γ-ray signal should be
accompanied by a signal in hard X-rays (Kushnir & Wax-
man 2010) and a synchrotron emission (Loeb & Waxman
2000; Keshet et al. 2004), which may be detected in radio
observations. The resultant signal is expected to resemble an
elongated ring due to the filamentary structure surrounding
the cluster (see §3.1).
Keshet et al. (2017) have reported the discovery of an
elongated γ-ray ring structure surrounding the Coma clus-
ter at a radius of ∼ 5 Mpc which they argue is a signal of the
virial accretion shock. The virial radius of the Coma clus-
ter is R200 ' 2.3 Mpc, so that the shock signal is detected
at ∼ 2R200, in complete agreement with our findings. We
expect that future observations will discover more evidence
of the existence and position of the virial accretion shock
surrounding clusters.
Having established that the environment of the cluster
extends out to ∼ (2–3)Rvir we examined how the extended
environment can affect satellite galaxies in the outskirts of
the cluster. To that end we employed simple analytic models
to gauge the effect of RPS both on the gas within a satellite
galaxy as well as the gas in the halo that surrounds it, and
extended the analysis by examining the RPS expected on
analytic galaxy models within our simulated cluster suite.
The results of our RPS models lead us to the follow-
ing conclusions in terms of gas depletion and star formation
quenching
a) RPS in the outer regions of clusters, especially high-mass
clusters, is very effective in removing the halo gas surround-
ing individual galaxies, between 40 and 70 per cent at 2Rvir.
When the satellites reach Rvir less than 30 per cent of the
gas remains in high-mass satellites, with low-mass satellites
retaining less than 10 per cent of their initial gas haloes.
RPS is not an effective channel for removing the gas from
within galactic discs in the outskirts of clusters.
b) Once a satellite crosses Rvir and as it falls towards the cen-
tre of the cluster, RPS becomes an increasingly important
mechanism for removing gas from the galactic disc.
We address here quenching of satellite galaxies by the
ICM of a host cluster in the regions of & 1Rvir. The quench-
ing scenario we envision is that of ‘starvation’ – the gas in
the galaxy is depleted from the galaxy via star formation and
feedback processes over a time-scale of several giga years and
no new gas can be accreted from the local gas reservoir since
it has been removed by RPS. The gas cannot be replenished
from the hot ICM since its cooling time is very long and the
typical satellite velocity is higher than the escape velocity of
the satellite.
Once the gas density in the galaxy drops below a crit-
ical threshold, star formation is quenched abruptly. This is
consistent with the ‘delayed-then-rapid’ quenching scenario
inferred by recent studies (Trinh et al. 2013; Mok et al. 2013;
Wetzel et al. 2013), as well as the findings of Tal et al. (2014)
that the onset of quenching in satellites in galaxy groups
is delayed in comparison with the quenching of the central
galaxy (see also Woo et al. 2015).
By comparing the typical times, i.e. the time it takes
a galaxy to traverse the distance from the accretion shock
to Rvir (‘travel time’), and the gas depletion times we find
that it is quite plausible for a galaxy reaching the virial
radius of the cluster for the first time to be quenched due
to ‘starvation’. This provides a natural explanation for the
quenched population of galaxies, and especially disc galaxies,
found in the outskirts of clusters (Park & Hwang 2009).
The scenario of satellite quenching in the environment
of the cluster which extends to ∼ (2–3)Rvir is consistent with
the observed ‘galactic conformity’, i.e. large scale correla-
tions between quenched satellites and quenched centrals over
large distance scales of several Mpc (Weinmann et al. 2006;
Ann et al. 2008; Kauffmann et al. 2010).
The ‘starvation’ quenching mode has been considered
before (Larson et al. 1980; Balogh et al. 2000; McCarthy
et al. 2008; Bekki 2009; Vijayaraghavan & Ricker 2015) but
usually under the assumption that the virial radius marked
the edge of the system. As a result, the time-scales involved
led to the conclusion that the process was not fast enough
and that to match the observations of the quenched popu-
lation, galaxies must have been quenched in the centres of
smaller groups before becoming part of the cluster, a sce-
nario known as ‘pre-processing’ (Balogh et al. 2000; Jaffe´
et al. 2012; Wetzel et al. 2013; Fang et al. 2016). However,
if the edge of the ICM is much more extended and the gas
reservoir in the haloes of individual galaxies is removed much
earlier, one need not invoke ‘pre-processed’ or ‘splashback’
galaxies (Wetzel et al. 2014) to account for the quenched
population in clusters.
Bahe´ et al. (2013) reached a similar conclusion based on
the results of SPH simulations of satellites in clusters (see
also Cen 2014; Jaffe´ et al. 2015). In this paper we have pre-
sented a more comprehensive analytic framework to explore
the RPS of the halo gas and the gas within the galaxy. By
making use of an analytic modelling of the satellite galax-
ies we are in full control of the parameters and attributes
of the galaxies. This allows us to gauge the effectiveness of
RPS on a wide range of galaxy types, beyond those which
are reliably produced in a simulation, resulting in a better
understanding of what makes a galaxy more (or less) suscep-
tible to stripping. The model afforded the chance to explore
the effectiveness of RPS over a large and exhaustive param-
eter space thus enabling a mapping of the limits of RPS as
a quenching mechanism in satellite galaxies.
The ram pressure which acts to remove the gas halo
reservoir of the galaxy may also affect the depletion time in-
directly by enhancing the star formation rate due to the ad-
ditional pressure exerted on the ISM. Evidence for this has
been seen in numerical studies by Bekki & Couch (2003);
Kronberger et al. (2008); Kapferer et al. (2008, 2009). Ton-
nesen & Bryan (2012) however find no signs of star formation
enhancement, perhaps due to differences in the numerical
scheme.
We note that star formation quenching may occur be-
fore the typical depletion time has passed due to other pro-
cesses which lead to more rapid quenching. One such exam-
ple is the ‘morphological quenching’ – the gas depletion leads
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to a drop in surface density of the gaseous disc leading to an
increased disc stability, eq. (55), which may lead to a shut-
down of star formation (Martig et al. 2009, 2013). Another
example is the compaction of the gas in the disc which leads
to increased star formation and quenching (Zolotov et al.
2015).
Though we show that by removing the halo gas sur-
rounding a galaxy, star formation quenching via ‘starvation’
can occur, it must be stressed that not all the satellites will
necessarily be quenched completely, and indeed star forming
galaxies are regularly observed within clusters. In addition,
Sun et al. (2007) and Jeltema et al. (2008) find evidence
of gas haloes surrounding satellite galaxies in the central
regions of clusters demonstrating that not all satellites are
stripped of their halo gas.
As we have pointed out in Zinger et al. (2016), gas
streams in clusters can penetrate into the very centre of
the cluster (e.g. see Fig. 13). Satellites which travel along
the inflowing streams may suffer very little stripping, if they
are co-flowing with the surrounding medium, and hypothet-
ically could reach the centre of the cluster with their gas
content intact. Conversely, if the gas in the filaments is hot
enough, as shown in Zinger et al. (2016), the galaxies in the
filaments may not be able to accrete new gas and quench
by ‘starvation’, albeit over longer timescales, once the gas
in the galaxy and in the gaseous halo has been depleted.
Further research is needed to confirm the validity of this
scenario and implications, and we plan to address this issue
in a future study.
In addition, as seen in Fig. 22 galaxies with sufficiently
long depletion times may reach Rvir before being quenched.
Since the typical travel times for reaching Rvir vary between
different clusters (Fig. 21), one may expect to find clusters
in which star-forming galaxies can be found even well within
the virial radius.
In this paper we have explored in depth one aspect of
the environmental effect of the ICM on satellite galaxies
found beyond the virial radius, namely RPS. The under-
standing that the cluster influence extends out to distances
of several mega-parsecs should prompt further observational,
theoretical and numerical studies of the ways the ICM af-
fects galaxies in these regions.
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